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A B S T R A C T
AN EXPERIMENTAL DETERMINATION OF THE LIFETIME 
OF THE 3p METASTABLE LEVEL OF Ca AND Mg
by
PAUL S. FURCINITTI
An experimental technique for determining the life­
time of the ^P level of Group II atoms has been developed 
and tested. The lifetimes obtained by this method may be 
used to determine absolute oscillator strengths of the 
Is -<-->• 3p transition for the alkaline earth elements.
An experimental determination of the lifetime of 
the ^P ^ level of Ca and Mg was made using this technique.
An intense pulse of radiation from a dye laser was used to 
selectively populate the level of these atoms. The
absorption of light from a Ca or Mg radio frequency dis­
charge lamp by atoms in the ^P^, ^P ^ , or ^P^ level was 
monitored as a function of time. These measurements al­
lowed the time dependence of the population of the ^P
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level and hence its lifetime to be determined. The experi­
mental values obtained in this investigation for the life­
time of the Ca and Mg level were 0.393 + 0.040 and
4.54 + 0.30 msec respectively.
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IN T R O D U C T IO N
Accurate determinations of absolute transition 
probabilities and lifetimes of atomic and ionic excited 
states have applications in several fields of physics. 
Astrophysical applications of these quantities include 
determinations of the constituents of stellar atmospheres 
and of the chromosphere and corona of the Sun.^ Accurate 
lifetime measurements are also of interest in experimental 
work concerning plasma d i a g n o s t i c s ,2“ 3 studies of line 
b ro a d e n i n g , and the investigation of populations in a 
d i scharge.^
In particular, accurate absolute transition prob­
abilities for the spin-forbidden electric dipole transitions 
in Ca and Mg which give rise to the (4s4p 4s2  ^S^)
and (3s3p ^P® 3s^ ) inter combination lines would
have several applications. Accurate lifetime determinations 
for these spin-forbidden transitions are of interest for 
the interpretation of radiative emissions from laboratory 
and astrophysical p l a smas.^"2 Also, a new absolute fre­
quency standard proposed by Strumia® requires that the life­
times of the Ca and Mg ®P ^ level be known accurately. 
Finally, accurate measurements of these lifetimes are also
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required in order to test the validity of the assumptions 
and approximations made in theoretical calculations of 
these quantities.
Most of the experimental values for the lifetimes 
of the Ca and Mg levels have been obtained from rela­
tive oscillator strength measurements. Summaries of the 
theoretical and experimental values for the Ca and Mg ®P ^ 
metastable level lifetimes are presented in Tables 1 and 2. 
In the case of Mg there has been a long standing discrepancy 
between the values of the ®P lifetime obtained by experi­
mental measurements2 ^ ’ 2 5-30 ^^d theoretical calcula­
tions.^^» ^‘^ » 21-211 An inspection of Table 2 indicates that 
the experimental results have also been contradictory.
The purpose of this investigation was to obtain 
measurements of the Ca and Mg ®P ^ level lifetime from 
which absolute oscillator 'Strengths for the ®P
transitions in Ca and Mg can be deduced. It was also 
hoped that the discrepancy between the thtoretical and 
experimental values for the Mg ®P ^ lifetime would be re­
solved. An examination of Tables 1 and 2 shows that the 
lifetime values obtained in this work are in substantial 
agreement with the most recent theoretical values.
Usually the lifetimes of excited states which 
decay directly to the ground state are determined by 
fluorescence measurements.®^"®® However, Ca and Mg have 
three fine structure P levels ( v i z . , the ®P , ®P and ®P 
levels). The populations of these levels are in thermal
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SUMMARY OF T H E O R E T IC A L  AND E X P E R IM E N T A L  V A LU E S
FOR TH E C a ®P M E T A S T A B L E  L E V E L  L I F E T IM E
AUTHOR__________________________________THEORY T (msec) EXPT rCmsec)
King and Van Vleck® (1939) 0.32
Vainshtein and Poluektov^® (1961) 0.33^
Warnerll (1968) 0.22
Luc-Koenig^^ (19 74) 0.34
Victor^® (1975) 0.34
Prokofjewl'+ (1928) 0. 35^
Schuttevaer et al.  ^® (1943) 0.08^
Olsen et a l . (1959) 0.53^
Ostrovskii and Penkin ^ ^  (1961) 0. 39®
Penkin  ^ ® (1964) 0.44
NBS Tables^® (1969) 0.37 + 0.19
(weighted average)
This Work20 0.393 + 0.040
^Calculated or measured relative to Ca ^So ^P®
transition, normalized to 4227-A line of NBS Tables.
Measured relative to Ca ®P„ ®Dj t ransition,
normalized to 6103-A line of NBS Tables.
^Measured relative to Ca ®Pg ®Si transition, 
normalized to 6103-,S line of NBS Tables.
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SUMMARY OF T H E O R E T IC A L  AND E X P E R IM E N T A L  V A LU E S
FOR TH E M g ®P M E T A S T A B L E  L E V E L  L I F E T IM E





Warner  ^ ^ (1968) 5.2
Laughlin and Victor^** (1974) 4.6
Frayne^l (1929) 4.0
Boldt^S (1958) 1.9 + 0.4
NBS Tables^G (1969) 
(weighted average)
2.3 + 1.2
Wright et al.27 (1974) 2.2 + 0.2
Struraia et al.28 (1974) 1.8 + 0.2
Mitchell29 (1975) 3.8 + 1.2®
This Work®® 4.54 + 0.30
^Measured and normali 
transition.
zed relative to Mg Is 4-4- ipO 
0 1
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equilibrium due to thermal mixing collisions in the pres­
ence of an inert buffer gas. Furthermore, the trans­
itions -*-4- 3p and 3p^ are forbidden by the se­
lection rules for electric and magnetic dipole as well as 
electric quadrupole radiation. This means that the atoms 
in the 3p levels can only decay back to the ground state 
via the 3p Ig transition. These effects combine to
produce an apparent lengthening of the observed ®P ^ life­
time. From these facts it should be clear that measure­
ments of the fluorescence from the 3p ^ level alone would 
in themselves be insufficient to determine the ®P^ life­
time, if the degree of mixing of the populations of the ®P 
levels were unknown. Simultaneous measurements should be 
made to determine the degree of mixing of the populations 
of the ®P levels. This would require some sort of absorp­
tion monitoring of the ®P^ and ®P populations since fluo­
rescence cannot be observed from these levels.
The experimental method employed in this investi­
gation to acquire the bulk of the experimental data for 
the determination of the Ca and Mg 3p metastable level 
lifetime will now be described. Radiation from a pulsed 
dye laser was used to excite Ca or Mg atoms from their 
ground state, , to the ®P ^ excited state. Light from a
Ca or Mg radio frequency discharge lamp excited atoms in 
the 3p 3p and ®P levels to higher excited levels by 
the process of absorption. In Chapter II the amount of ab­
sorption will be shown to be proportional to the populations
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of the ®P^, ®P ^ and ®P^ levels. This being the c a s e , 
measurements of the absorption of the lamp light as a 
function of time would yield measurements of the population 
of the ®P^ level as a function of time. The absorption 
signal decayed as a function of time as the atoms in the 
®P level returned to the ground state. The lifetime of 
the ®P level was determined by ascertaining the decay 
constant of the absorption signal by a least squares fit­
ting process. The systematic errors inherent in this life­
time measurement procedure will be discussed in Chapter IV.
The absorption method for lifetime determinations 
used in this investigation was suggested by a recent paper 
by Mcllrath.®^ This paper described an experiment which 
proved the feasibility of populating the ®P ^ metastable 
level of Ca by tunable dye laser excitation and then per­
forming absorption measurements on the metastable atoms so 
produced. A later paper by Mcllrath and Carlsten®® dis­
cusses the theoretical considerations involved in such an 
experiment. An earlier experiment performed by Asada et 
a l . 38 to study the population of metastable Hg atoms in 
also employed absorption monitoring techniques. However, 
in the latter experiment convential spectroscopic light 
sources were used.
The dye laser excitation technique was employed 
by Wright, Dawson and Balling^ 7 to determine the lifetime 
of the Mg 3p level. Their results, however, did not
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remove the discrepancy between the theoretical and experi­
mental values for this lifetime alluded to previously. It 
is now believed that a large systematic error was intro­
duced into their results by the presence of contaminants in 
their absorption cell.3® These contaminants participated 
in quenching collisions with the metastable 3p ^ atoms.
The overall experimental design for this investi­
gation first called for a measurement of the Ca 3p^ life­
time. This lifetime is reasonably well known from other 
experimental and theoretical w o r k . 8-2 0 Also, the Ca 3p ^ 
lifetime is a factor of 10 times shorter than that of Mg 
making it less susceptible to quenching effects. Agreement 
between the value obtained for the Ca 3p lifetime by the 
techniques used in this work and the values obtained in 
other work would rule out the presence of any large sources 
of systematic error in the proposed experimental method.
The successful completion of the above test would then be 
followed by a remeasurement of the Mg 3p lifetime by the 
absorption technique. As a final test the Mg 3p ^ lifetime 
would also be measured in fluorescence.
In the following chapter the theoretical consider­
ations necessary to understand the experiment will be des­
cribed. The third chapter will be concerned with the ex­
perimental arrangement, apparatus and procedure. A presen­
tation of the experimental data and results will be made in 
the fourth chapter. The fifth and final chapter will
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present the conclusions deduced from this investigation 
along with suggestions for further study.
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CHAPTER II
In this chapter two topics will be discussed.
They are the theory of 3?^ spin-forbidden electric
dipole transitions and the theory of absorption measure­
ments of the lifetime of these transitions. The first sec­
tion of this chapter will explain the nature and reasons for 
the occurrence of spin-forbidden transitions; this will in­
volve a look at the configuration mixing caused by the spin- 
orbit interaction. The second section will discuss the 
theory of absorption measurements as they relate to the 
lifetime determinations made in this investigation. This 
will require an examination of the general expression for 
the absorption of radiation by an atomic gas. The absorp­
tion will be shown to be a function of the population of the 
3? levels (viz., the 3p  ^ 3p^ and 3p^ levels). The absorp­
tion will also be shown to depend on the intensity and 
lineshape of the light emitted by the light source as well 
as the absorption coefficient of a gas of Ca or Mg atoms.
The proper functional form for each of these quantities will 
be discussed. Particular attention will be accorded to the 
expression for the population of the 3p levels since this 
expression involves the lifetime of the 3p level. The
R eproduced w ith perm iss ion  o f the  cop yrig h t ow ner. Fu rth e r rep roduction  prohib ited w itho u t perm iss ion .
final portion of this chapter will discuss the functional 
form of the absorption signal when radiation is absorbed by 
Ca or Mg atoms in the levels. The absorption signal 
will be seen to be a function of the expressions derived 
for the populations of the 3p levels, the absorption 
coefficient of the Ca or Mg atoms, and the emission line­
shape of the radio frequency discharge l a m p .
A . S p i n - F o r b i d d e n  T r a n s i t i o n s
The purpose of this Investigation was to experi­
mentally determine the Ca and Mg ®P ^ level lifetimes 
corresponding to the intercombination transitions 
4s4p 3p0 -<r-^ 4 s2 Ig and 3s3p 3p0 3 s % Ig , These transi­
tions are spin-forbidden electric dipole transitions. In 
the usual electric dipole radiation approximation transi­
tions between singlet and triplet levels are not allowed. 
This selection rule is due to the fact that the electric 
dipole operator is independent of spin. Therefore, the 
only transitions which may occur are those for which the 
matrix element of the electric dipole operator is taken 
between two triplet or two singlet wavefunctions (i.e.,
4S = 0). The transitions of interest in this investigation 
involve a change of spin, = 1 . Therefore, these transi­
tions may be said to be spin-forbidden. However, the 
selection rule, ZS = 0, is only approximately true. In 
atoms with two valence electrons, the spin-orbit inter­
action mixes levels of different multiplicity allowing
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spin-forbidden electric dipole transitions to occur.2k » 37-39 
For example, in the case of Be I, a calculation by 
Nussbaum38 shows that the spin-orbit interaction mixes 
levels with a level and 3p^ levels with a  ^S ^ level.
This mixing produces a wavefunctlon for the 3p ^ level which 
may be written in the |l SJM^> representation as24 
-O/KflYi 1 M = (1 - «‘ ) - n  I’P 1 M3-;> + A f  P 1 (1).
The normalized wavefunctlon for the  ^g ^ level may be writ-
+ u ’ P O M j ; > ]
The constants a and b are given by
(2 ) .
a  =
’Jt' rij.o.i rj.1 / (3)
I )
O P O M „ I H s , o . l ' S O I i j ^ >
(4),
E“("So'l - E (’ Pot
in which Hg ^ is the spin-orbit portion of the Hamiltonian. 
The quantities E ® (®P^), E®(lp^), E®(^S^) and E ® ( 3p^) are 
the respective energy values of the 3p ^ ^ P  ,  ^S and ®P
energy levels in the absence of the spin-orbit interaction. 
When the matrix element of the electric dipole operator is 
taken between the wavefunctions | a n d  | > its
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value is seen to be non-zero. Therefore, the inter­
multiplet 3p ^ -«-+  ^ electric dipole transition is allowed. 
This same formalism can be used to explain the ®P ^  ^S ^
transitions observed in Ca and Mg in terms of non-relativ- 
istic quantum mechanics. The lifetimes of these transi­
tions are on the order of 10"^ and lO"® seconds for Ca and 
Mg respectively, versus 10“ ® seconds for the lifetime of a 
regular allowed electric dipole transition. A paper by 
L u c - K o e n i g ^ 2  discusses the point that these spin-forbidden 
transitions are allowed in a relativis tic quantum mechani­
cal treatment of electric dipole radiation.
B . Absorption Measurements of Lifetimes
As stated in chapter I the lifetime of the Ca and 
Mg 3p level was measured by monitoring the absorption of 
light by Ca and Mg atoms in the ®P , ®P or ®P levels. A 
measurement of the light absorbed as a function of time is 
proportional to a measurement of the population of the ®P ^ 
level as a function of time. As a concrete example of how 
such a measurement would be performed, consider a radio 
frequency discharge lamp which produces light of the 
wavelength corresponding to the Mg ®P^ ■«"> transition.
The light from this lamp is incident on a cell containing 
an atomic vapor of Mg. Only a negligible fraction of the 
Mg atoms are initially in the ®P^ excited level due to the 
low amount of thermal energy present. Therefore, almost 
all of the 3p -<—> 3S lamp light is initially transmitted
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through the absorption cell. Let this transmitted light 
intensity be denoted by I^. At some instant of time, t = 0, 
a laser is fired. The laser populates the Mg 3p ^ l e v e l .
This laser pulse lasts for only 1 ysec. This time is n eg­
ligible in comparison to the time during which measure­
ments are made (i.e., 10“ 3 sec). As stated in Chapter I,
thermal mixing of the populations of the and
levels occurs. Thus, the 3p^ level becomes populated when 
the 3p level is populated. The lamp light corresponding 
to the transition 3 p <-»- 3 s ^ can then be absorbed by the 
atoms in the ®p^ level. The lamp light intensity that is 
transmitted through the absorption cell drops sharply as the 
absorption takes on its maximum value. As atoms in the 3p^ 
level return to the ground state the population of the 3p^ 
level also decreases since the two levels are in thermal 
equilibrium. (Recall that the transition 3p -h-* Ig is 
forbidden). The decay of metastable ®p^ atoms causes the 
intensity transmitted through the absorption cell to in­
crease and the absorption to decrease. Thus, by measuring 
the amount of light absorbed by atoms undergoing the transi­
tion 3p 4-»- 3g as a function of time, the time dependence 
of the population of the ®p level can also be measured.
This was the method used in this experiment to measure the 
lifetime of the 3p^ level of Ca and Mg. This process is 
graphically represented in Figure 1. These arguments will 
be placed on a more quantitative basis in the remainder of 
this chapter. The discussion will begin with a description
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FIGURE 1
Graph of lamp intensity transmitted through 
absorption cell versus time. Prior to the population 
of the level by the laser, the Intensity transmitted
through the cell Is a c o nstant, I ^ . When the laser Is 
fired the lamp Intensity transmitted through the cell 
drops sharply as the atoms in the ^P levels absorb light, 
and Increases exponentially as the atoms In the ^P^ level 
return to the ground state.
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of absorption by an atomic gas. This will explicitly show 
how the absorption is related to the population of the 
absorbing level.
1. Absorption of Radiation by an Atomic Gas
The absorption of radiation by an atomic gas is 
treated in detail in a book by Mitchell and Z e m a n s k y °  and 
also in a book by L o u d o n .  ^^  The "absorption", A, is defined
^  ^  t r & n s m L t t e j  raJLoft L o n
i n c i d e n t  rotd L d t  L o n
From Figure 1 the magnitude of the absorption signal is
seen to be equal to the incident radiation intensity, I^, 
times the absorption, A. Let the frequency distribution of 
the light intensity emitted by a radio frequency discharge 
lamp be denoted by I^. Let the absorption coefficient of 
an atomic gas of Ca or Mg atoms be given by k^ and let the 
thickness of the absorbing layer be given by I. The 
absorption. A, may then be written as^ ^
A = l -
I y e x p ( - K v X ) j y  (6).
ài>
The absorption coefficient, k , may be defined in general a
k y  =
M Bj.2 h v  F (y ) (7),
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In the above expression
N = the population of an excited atomic level.
The atoms in this level may absorb the incident radiation 
produced by a radio frequency discharge lamp.
F(v)dv = the probability that an atom will make a 
transition by the emission or absorption of a photon having 
a frequency between v and v + dv. The function, F(v), is 
also called the absorption or emission lineshape function.
B = the probability per unit energy density that
an atom in the initial state, |l>, will absorb a photon of
frequency, , and be excited to a higher energy state, | 2>.
hv/V = the energy per unit volume or energy density 
c = the speed of light
n = the index of refraction of the gas of atoms
(n - 1 for a dilute atomic gas ) .
The absorption coefficient, k ^ , may also be written as
It can be seen from the above expressions that the absorp­
tion coefficient and hence the absorption depends on the 
population, N, of atoms in an excited state that may absorb 
radiation. The absorption, A, is also seen to depend on 
the frequency distribution of the incident radiation from
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the radio frequency discharge lamp, I , as well as the 
absorption lineshape function, F(v). The next three sec­
tions of this chapter will be devoted to a discussion of the 
proper functional form for N, F(v) and I^. It will be shown 
that the predominant frequency dependence of arises from 
the factor F(v) and not from the factor of v in equation 
(7). Therefore, v is usually considered to be the resonant 
frequency, v ^ ^ , between the two levels of interest. This 
being the case, all of the other factors in k except for 
N and F(v) are considered to be known constants. It will 
also be shown that the population of the excited state, N, 
may be altered because of thermal mixing collisions between 
the atoms in the and ^F levels. The problem of
population alteration by absorption out of the  ^ and
^P levels was investigated and was found to have had no 
effect on the observed lifetime. This phenomenon will be 
discussed in Appendix I.
2. Alteration of the  ^F ^ Population and 
Lifetime by Thermal Mixing
As mentioned in Chapter I the observed lifetime,T, 
of the 3p level is longer than the actual lifetime, t .
This is because there are three fine structure levels in the 
^F system which must be taken into account in lifetime
determinations. These levels are the ^P , ^P and ^P
2 1 0
levels. Let the fine structure energy level separations be 
given by AE , AE and AE ,
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A E j o  =  E P P , ) - E P P , > (10)
A E u  =  E ( ’ P J - E ( ’ Pi) (11)
and A E i o  =  E C P i f - E P P , ) (12)
In the above equations E(^P^), E (^P ^ ) and E(^P^) are the 
energy values of the ^P , ^P and fine structure levels
These energy level separations as well as the thermal 
energy present (i.e., 3/2 kT) during experimental deter­
minations of lifetime values are listed in Table 3.
TABLE 3
FINE STRUCTURE ENERGY LEVEL SEPARATIONS AND 
THERMAL ENERGY PRESENT IN CM“ ^
£â
AE 158 61
In the Ca experiments T = 850 K during experimental runs to 
determine the ^P ^ lifetime while in the Mg experiments 
T = 800°K. It can be seen from this table that the thermal 
energy present during investigations of the lifetime was 
greater than the fine structure energy level separations.
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If the system was In thermal equilibrium the popu­
lations of the three levels would have been altered by mix­
ing collisions between the atoms of this system and an 
inert buffer gas. Experiments were performed as a part of 
this investigation which indicated that the populations of
the , ^P and ^P levels were in thermal equilibrium for
2 1 0
the Ca and Mg measurements. The data and results of these 
studies will be presented in Chapter IV. For this same 
system in Ca, Mcllrath and Carlsten^^ have determined the 
mixing time to be less than 40 nsec with 10 Torr of He 
buffer gas in the absorption cell. This mixing time is 
much less than the 1 ysec duration of the laser pulse. The 
mixing affects the observed decay rate because an excited 
atoms spends only part of its time in the ^P ^ metastable
If N is the total population of the ^P system
composed of the ^P , ^P and ^P levels than N may be
2 1 0  1
written as
(13)
in which n , n and n are the respective populations of 
the 3p , ^P and ^P levels. If the system is in thermal 
equilibrium, then^ 5
M a / n i  = e % p  r - A E g ^ / k T )  d-4),
H i / n o  = e x p C - A E j g / k T )  d s )
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n^/no ' /g») e x p ( - A E 2 o / k T )  (i6),
where , g^ and g^ have the respective values of 5, 3 and
1 corresponding to the statistical weights of the , ^P^ 
and ^P levels. In the above expressions k is Boltzman's 
constant, T is the absolute temperature and the fine struc­
ture energy separations are once again denoted by ,
AE and AE . The populations of the ^P levels, n ^ , n ^
and n , may be written as
rxfl * oc (17) »
n i  - P
rij - Y  N ,
(18) 
(19) .
These equations imply that
1 / - ^  = N i / n g  (20).
1 / p  = N ^ / n ^  (21)
and 1 / Y  =■ N ^ /  (22).
Equation (13) allows these last three equations to be writ-
i / c x  = ( h j  +  = 1  +  n i / n g  4- n ^ / n ^  (23),
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1 / p = (n^ + +  Og) / - X  +  /r\^^ +  r\2. /vij_ (24)
V  Y = (no-F n^-v nxVviz. = 1 + no/n% + n-^/n-^i (25) .
The substitution of equations (14), (15) and (16) into 
equations (23), (24) and (25) allow a, 6 and y to be 
expressed as follows:
( 26) ;cx = l / ( l  -h ( ] i / g o ) c Y . p ( - A E i o / k T )  f  
P> = l/|i+(jo/3i')e>.pr+AEio/KT') +  e>^p(-AE2i/kT)|(2 7) ;
'lf=l/^l+(g(,/3j<2xp(+AE2o/kTl -<-(gi/^z)e.'/.p(+-AE2i/kT)j (28).
Graphs of a, 6 and y for Ca and Mg versus the absolute 
temperature are shown in Figures 2 and 3.
The 1S and ^P transitions are for­
bidden by the rigorous selection rules for electric and 
magnetic dipole as well as electric quadrupole radiation. 
Thus atoms in the ^P system can only decay to the ground
state via the ^P transition. If A ( = 1/x) is
1 0  10
the transition rate for the ^P ^  ^S ^ transition then the
time rate of change of the population of the ^P system is 
given by
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FIGURE 2
Population of the Ca ^P , ^P and ^P levels 
relative to the population of the ^P system.
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FIGURE 3
Population of the Mg 3p , 3p and 3p levels 
relative to the population of the 3p system.
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N i R ) =  N i ( 0 ) e % p r - A i o g t )  -  Nj.CO)e>cp(-t/r) (30)
In which N (0) is the population of the system at the 
instant that the dye laser is turned off and T is the ob­
served lifetime of the  ^ level. (Recall that atoms in the 
3p system can only decay to the ground state via the 
3p^ -M- transition) .
A i d P  = p / x  = i / r  (31)
t ; = p r (32) .
where t is the natural lifetime of the ^P ^ level and 3 is 
the fraction of the number of atoms in the ^P system actu­
ally in the ^P level. Since 3 is less than 1, the observed 
lifetime, F, is longer than the natural lifetime. Calcu­
lations to determine 3 from equation (27) for the range of 
temperatures in which data was taken yield values of 3 
equal to 0.36 for Ca and 0.34 for Mg. These values are 
constant to within 1% in these temperature ranges. Thus, 
it has been shown that thermal mixing collisions alter the 
observed lifetime of the atoms in the “P level.
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3. Phenomena Affecting the Absorption Coefficient
As alluded to in section B.l of this chapter, an 
atom does not emit or absorb radiation at a single discrete 
frequency but can emit or absorb radiation over a range of 
frequencies. The p r o bability, F(v)dv, that an atom will 
make a transition by the emission or absorption of a photon
having a frequency between v and v + dv is affected by var­
ious phenomena. The absorption coefficient, k , is a func­
tion of this probability as shown in the preceding section.
The various processes which affect the probability are
often said to broaden the absorption line.
They are:
1) Natural broadening due to the finite lifetime of an 
excited state;
2) Doppler broadening due to the motion of the atoms;
3) Lorentz broadening due to collisions with foreign
gas atoms or molecules; and
4) Holtsmark broadening due to collisions with other
absorbing atoms of the same kind.
One may determine the relative importance of the 
various line broadening mechanisms by calculating the full 
width at half maximum, Av, of the absorption profile due to 
each broadening mechanism. In the case of natural line 
broadening Av^ is given by^^
A-Vf^ = (33),
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where t is the natural lifetime of the transition involved 
in the absorption process. For the case of Doppler broaden­
ing Av is given by'* ^
D
A > d  =  (34).
where R is the universal gas constant, T is the temperature 
in degrees Kelvin, M is the molecular weight and A is the
wavelength of the absorption transition. In the case of
Lorentz broadening Av^ is given by**®
A V l, = (35),
where v is the velocity of the buffer gas atoms, N is the
number density of the buffer gas atoms and d is an estimate 
of the atomic diameter ( d - 3 x 10"® cm) . '* ® In the case of 
Holtsmark broadening Av^ is given by an expression similar 
to that for Lorentz broadening. That is,
=  C2) "V (36),
where v is now the velocity of the absorbing atoms, N is the
number density of the absorbing atoms and d is again an 
estimate of the atomic diameter ( d - 3 x 10"® cm). The 
following Tables list the values of Av for the various line 
broadening phenomena.
R eproduced w ith perm iss ion  o f the  cop yrig h t ow ner. Fu rth e r rep roduction  prohib ited w itho u t perm iss ion .
T A B L E  4
NATURAL BROADENING ABSORPTION LINEWIDTH
Ca 4457 3.89 X 10®
Ca 6162 5.49 X 10®
Mg 5184 9. 15 X 10®
TABLE 5
DOPPLER BROADENING ABSORPTION LINEWIDTH
Element Wavelength (A) Temperature (°K) Llnewidth (Hz)
Ca 4457 850 2. 2 1  X 10®
Ca 6162 850 1.60 X 10®
Mg 5184 800 2.37 X 10®
TABLE 6
COLLISION BROADENING ABSORPTION LINEWIDTH
Element Buffer Gas^ Temperature (°K) Llnewidth (Hz)
Ca He 850 6.64 X 10®
Ca Ne 850 2.95 X 10®
Ca Ar 850 2. 1 0  X 10®
Mg He 800 6.84 X 10®
Mg 800 3.04 X 10®
Mg 800 2.16 X 10®
Tlie buffer gas pressure was equal to 100 Torr.
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T A B L E  7
HOLTSMARK BROADENING ABSORPTION LINEWIDTH
Vapor ^
Element Pressure (Torr) Temperature ( K) Llnewidth (Hz)
Ca 0.01 850 1 .02 x lO'*
Mg 0.1 800 1.42 X 10®
An examination of these tables indicates that the principal 
sources of broadening of the absorption line are Doppler 
and Lorentz broadening. The functional form of F(v) in the 
cases of Doppler and Lorentz broadening will therefore now 
be discussed.
a. Doppler Broadening.
The phenomenon of Doppler broadening of an absorp­
tion or emission line is due to the motion of the nucleus 
of the atom. The functional form of the Doppler broadened 
lineshape function, F ^ (v ) ,is given by®®
,^ 1/2.
Fo(v) = C e y .p (.- (37) .
where C is some constant, is the resonant frequency of
the absorption or emission line and Av^ is the Doppler line- 
width. The constant, C, may be determined by the normal­
ization condition
[■
= 1  (38) .
However, if the substitution
0) =L2(y-V;,i)(Jln(2)Ÿ'^ J/Ayo
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Is made the normalized expression for (w) is given by
F^Cü j ) *  ^ 2  (i n ( z V i r f ^ ^ e X p  c- / A v q  (^o) .
Substitution of this expression into the equation for the 
absorption coefficient, k , yields
= [ 2 k o C i n C 2 ) / ' T T ) ^ ^ ^ e ' > t p ( - w ^ ) } / A - y p (41) .
b. Collisional or Lorentz Broadening
Collisions between excited atoms and foreign gas 
molecules can be an important cause of the broadening of 
emission or absorption lines. A thorough treatment of this 
effect is given in the article by Weisskoff and Wigner.®^ 
The functional form of the collision broadened lineshape 
function, F (v) , is given by®^
F ( .(v ) - Q / [ ( Z i y - + 1 } (42) ,
where v is the frequency, v  ^ is the resonant frequency of 
the transition, Q is a constant and A i s  the number of 
broadening collisions per second per absorbing atom. The 
constant, Q, may be determined from the normalization con­
dition given by equation (38).
After normalization F ^ (v) becomes
FJ; (-]/) = (43) .
For the case of pure collisional broadening k becomes
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k ,  »  ( 2 k o A A V i , t / { ( Z ( y - 3 i O / A v / + l ]  (<4).
We have yet to consider the case when both Doppler and 
collisional broadening occur. This situation gives rise 
to a composite lineshape called the Voigt profile which 
will be the next topic for discussion.
c. Effect of Combined Doppler and Lorentz 
Broadening
Thus far the sources of broadening of absorption 
or emission lines have been independently considered. H ow­
ever, under actual experimental conditions both Doppler and 
collisional broadening may be present. The functional form 
of F(v) due to the presence of both types of broadening 
mechanisms may be determined as follows. The Doppler and 
collisional broadening processes are considered to independ­
ently broaden the absorption line. Each infinitesimal 
frequency interval of the collision broadened curve is con­
sidered to be broadened by Doppler broadening. Consider a 
frequency band a distance, v - ^ , from the center of a
line exhibiting collision broadening. A variable distance, 
6, from the point v - v  ^ is chosen to represent Doppler 
broadening of this frequency band. The combined probability 
of a transition occurring at a frequency v + dv about a 
central frequency v is given by®®
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W  ( i n ( 2 ) ) ^ ' ^ ] / A V p  (39).
y  = ^ a s  ( « « )
a  = ( " ) '
This expression for the absorption lineshape function,
(v ) , is sometimes called the Voigt profile. In this 
case k is given by
The final quantity to be investigated before evaluating the 
expression for the absorption. A, is the emission lineshape, 
I . This investigation will occur in the next section.
4. The Emission Profile
The frequency distribution of the light intensity 
emitted by a radio frequency discharge lamp may take one of
several functional forms. The emission lines may be broad­
ened by Doppler, natural, collisional and Holtsmark broaden­
ing. A comparison of the linewidths caused by these 
broadening phenomena would help to determine the principal
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cause of broadening of the emission line. These values are 
listed in Tables 8 through 11.
TABLE 8
NATURAL LINEWIDTH OF THE EMISSION LINE
Element Wavelength (A) Llnewidth (Hz)
Ca 4457 3.89 x 10®
Ca 6162 5.49 x 10®
Mg 5184 9.15 X 10®
TABLE 9
DOPPLER LINEWIDTH OF THE EMISSION LINE
Element Wavelength (A) Temperature (°K) L lnewidth (Hz)
Ca 4457 693 2.00 x 10®
Ca 6162 693 1.45 x 10®
Mg 5184 580 2.02 x 10®
TABLE 10
COLLISIONAL LINEWIDTH OF THE EMISSION LINE
Element Buffer Gas^ Temperature (°K) Llnewidth (Hz)
Ca Ar 693 5.82 x 10®
Mg Ar 580 6.36 x 10®
^Buffer gas pressure = 5 Torr.
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T A B L E  11
HOLTSMARK LINEWIDTH OF THE EMISSION LINE
Vapor Q
Element Pressure (Torr) Temperature ( K) Llnewidth (Hz)
Ca 10“ ® 693 12
Mg 10"® 580 17
The predominant effect is seen to be Doppler Broadening. 
Therefore, an emission lineshape of the following form may 
be assumed®'*
l y  -  J q e X p ( - t u V o t ^ ^  (49),
where I^ is the average incident intensity.
Ol) =  { 2  (o' (39)
^  _  E i n L s s i - o n  k r e a . d t  A
A b f c o r p t  I on Aina b »-c.a K (50)
(a - 0.85 in this investigation).
The functional form of I^ given by equation (49) will be 
used in the evaluation of the absorption. A, given by 
equation (6).
5. The Time Dependent Absorption Signal
The absorption. A, is given by the equation
A .  1 J» (6).
I v
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This expression will now be evaluated for the case in which 
the principal source of broadening of the absorption line­
shape is Doppler broadening. The absorption, A, will also 
be evaluated for the case of combined Doppler and Lorentz 
broadening of the absorption line. In each case the expres­
sion for the absorption will be seen to depend on the ob­
served lifetime of the ®P ^ level, r.
Case 1: Doppler emission and absorption profiles.
In this case the assumption is made that both the 
emission lineshape of the R.F. discharge lamp, I , and the 
absorption coefficient of the atomic gas in the absorption 
cell are broadened by the Doppler effect. That is, I is 
given by
(49)
and k is given by
(41).
In this case equation (6) becomes
^ £^J<,dvcpt-cuVot‘) exp(-tf’Ae)tp(-u)^)) j w  
J I q e>.p(-oo‘^ /<x^) doj
cr =  [Z ko ( An(zV'Tr)^^^
This expression for A is evaluated in terms of a power
(51) ,
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ÿ "  (-if (T,
m = o
_  ^  ( - i f  I COjC
 ^ m !  («x^m H
A . i -  )
(54)
(j = 0,1 and 2) level. Equttion (53) explicitly shows that
the absorption is time dependent. In the limit that a 0
(i.e., the emission linewidth is much smaller than the
absorption linewidth) A is given by
A  =  1  -  ocpC - C n j ( o ) e > . p ( - t / r ) ) (55) .
If one further assumes that Cn (0) < 1 (Cn^(O) - .2 in this
work) then equation (55) may be written as
A  “  J. ■“ C  nj(O') e % p ( - t / D  (56).
Thus we have three time dependent models for the absorption 
signal given by equations (53), (55) and (56).
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Case 2: Doppler broadened emission profile with
a Voigt absorption profile 
In this case the emission line profile of the R.F. 
discharge lamp is assumed to be Doppler broadened while the 
the absorption coefficient of the atomic gas has a lineshape 
given by the Voigt profile. That is, is again given by
T-v “ J q e . x p ( - (49),
while is written as
ko , r  e x f  C- y ^ ) d y
\ (oj" + tw - y ) ^ )  (^8) .
Under these conditions the expression for A becomes
  ----------------     .(57)
V I q expf'UiVoc"^) dev
C ' -  ( n J i B i z h v ^ ^ ) / ( i r c r i Y )
(58).
The above expression for A must be integrated numerically 
from tabulated values of equation (48). Thus, equation 
(57) is also seen to depend on the population of the 3p^
(j = 0, 1 and 2) level as a function of time.
It has been shown that there are four expressions 
for the time dependent absorption, A. If Doppler and 
collisional broadening of the absorption lineshape are both
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Important effects then the Integral expression for A 
specified by equation (57) must be used. If only Doppler 
broadening of the absorption profile is important the ex­
pression for A is given by the sum indicated in equation 
(53). If the further assumption that the emission line- 
width is much less than the absorption linewidth is made 
then the expression for A given by equation (55) may be 
used. Finally, in the limit that C n ^ (0) < 1 (i.e., weak 
absorption) the single exponential expression given by 
equation (56) may be employed. The time dependence of the 
absorption was simulated with the aid of a computer. All 
four models of the absorption discussed above were investi­
gated. Graphs of equations (57), (53), (55) and (56) 
plotted as a function of time are shown in Figures 4 and 5. 
In Figure 4 the absorption. A, is equal to 20% of the inci­
dent intensity while in Figure 5, A equals 12% of the inci­
dent intensity. The observed lifetime, F, was chosen to be 
0.39 msec in each case and the functions all had the same 
initial amplitude at t = 0. One can see from Figures 4 and 
5 that for 12-20% absorption the various expressions for A 
yield curves that almost coincide. In this investigation 
the bulk of the absorption signals analyzed were estimated 
to have been for less than 20% absorption. Figure 6 shows 
a plot of the integral expression for A superimposed upon 
the single exponential expression. The lifetime of the 
single exponential function was varied until the curves 
coincided as closely as possible. The lifetime used in the
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Computer simulation of 4 theoretical absorption 
models plotted versus ti m e . In curve (a) the absorption, 
A, is given by the equation
A = C hjCo) exp (-t/D .
In curve (b) the absorption is of the functional form
I (CnjLO) c x p { - - t /D
A = i  -  / ...
The absorption is given by the expression
^  ^  X"» Ip  exp(- coVocQ exp(-c'hj(O') kyexp(-t/r))clco
^  lo  d w
in curve (c). A plot of the theoretical absorption model
A = 1 - exp(-C njCû"^ expi-t/r'))
is depicted in curve (d). In each instance the absorption 
is 20% of the incident intensity.
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Computer simulation of 4 theoretical absorption 
models plotted versus time. The curves for the models 
A = Cnj(0)e x p (“t/r ) and
i-rT c cn jto )e .y p (-t/r^ f
A = 1 " ) 271
mso
coincide and correspond to curve (a). Curve (b) is a 
graph of the absorption when its functional dependence is 
given by
ey pC-üuV«‘'^ )exp('-C'nj(0)Ky exp(--t/r)) jw
A =  1 -
Curve (c) is a graph of the absorption which is given by 
the expression
A = 1 - eyp(-Cy>j(oWKp(-t/r)) .
In each instance the absorption is 12% of the incident 
intensity.
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Graph of the integral and exponential absorption 
models. Curve (a) is a graph of the equation
 ^ I() exp ( - j w
^ Xo exp(-coV“<*) dc*
Curve (b) is a graph of the equation /A = C h j(0) € x p  (-"t/T ) • 
The lifetime,r, used in the equation for curve (a) was 0.39 
msec. The lifetime of the expression used to plot curve (b) 
was varied to achieve coincidence of the two curves. The 
best fit was given byf = 0.4025 msec.
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Photograph showing computer fit to experimental 
data. The upper trace shows the data and the fit to the 
function ^
\  (-h”fCnj(0Ui^p(-t/r)r 
A = 1 - )------------ 57Ï--------
/___ mi ( m + i r
M  - 0
The middle trace is a fit to the expression
A = i  - exp C-CnjCO  ^exp ( - t / J ’)) ,
The lower trace is a fit to the expression
A = C nj(O') e.xp(“ t / P )
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Integral expression was 0.39 msec while the lifetime of the 
single exponential function was found to be 0.4025 msec in 
order for coincidence to be achieved. This difference in 
the lifetime values is on the order of 3%.
Some of the Ca experimental data were fit by the 
computer using equations (53), (55) and (56) as the theoret­
ical models for the absorption, A. Figure 7 is a photo­
graph of the same experimental data fit to these models for 
the absorption. The data was analyzed by a PDP-LAB8/E 
computer and the data (small dots) and the final fits 
(solid curves) were displayed on an oscilloscope. The 
upper trace shows the data and final fit for the summation 
expression given by equation (53). In this case a was 
taken to be 1.0 and only four terms were taken in the sum.
It was found that the series converges rapidly and that the 
first four terms gave a sufficiently accurate estimate for 
A. This fit yielded a value of 0.4055 msec for t , the nat­
ural lifetime. The middle trace was a fit to the expression 
for A given by equation (55). This fit yielded a value for 
the lifetime, t , of 0.4055 msec. The lowest trace yields a 
value of T equal to 0.4063 msec. In this case the data was 
fit to equation (56), the simple exponential function.
These values agree to within 0.1%, Therefore, since only a 
slight error would be made by using equations (55) and (56) 
instead of the more exact integral or sum expressions for A, 
the bulk of the experimental data was analyzed using these 
expressions. Thus, the final expressions used to fit the
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experimental absorption signals were
A  - 1 - e-xpC-t/J?')') (55)
A  - C n j ( 0 ) e x p ( - t / D  (56).
It should be noted that both of these expressions are depen­
dent on the population of the  ^ (j = 0,1 and 2) level as 
a function of time and that A must be multiplied by the 
intensity of the incident radiation in order to yield the 
magnitude of the absorption signal.
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CHAPTER III 
EXPERIMENTAL MATERIALS AND METHODS
The experimental procedures and apparatus employed 
in this investigation will be discussed in this chapter.
The first section of this chapter will describe the experi­
mental arrangement and procedures used to create, sample 
and analyze absorption signals produced by the absorption 
of radiation by atoms in the Ca and Mg ^P levels. These 
absorption measurements provided the greater part of the 
experimental data used to determine the natural lifetime of 
the Ca and Mg ^P^ metastable level. The discussion of the 
absorption experiments will also include a description of 
the two theoretical models for the absorption signals used 
in this investigation as well as the least squares fitting 
routines used by the PDP-LAB8/E computer to determine the 
natural lifetime, t .
The validity of the absorption measurement tech­
nique is dependent on the assumption that the populations 
of the Ca and Mg ^P levels corresponded to those expected 
under conditions of thermal equilibrium. The measurements 
undertaken to verify this assumption will be described in 
the second section of this chapter.
The lifetime of the Mg ^P level was also deter­
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mined by measurements of the fluorescence from the excited 
3p atoms. These measurements were undertaken to corrobor-i 
ate the results obtained in the absorption measurements.
The experimental procedures employed in making these fluo­
rescence measurements as well as the data reduction by the 
computer will be described in the third section of this 
chapter.
A detailed description of the experimental appara­
tus will be found in the fourth section of this chapter. 
This will be followed by a discussion of the sample prepa­
ration procedure and the vacuum-gas handling system in the 
last section of this chapter.
A . Absorption Signal Measurements
The purpose of these measurements was to determine 
the lifetime of the  ^ level of Ca and Mg. The relevant 
energy level diagrams for these elements are shown in 
Figures 8 and 9. The lifetime of the ^P ^ level was deter­
mined by measuring the absorption of light from a radio 
frequency discharge lamp by atoms in the ^P^, ^P ^ or 
levels as a function of time. The absorption decreased 
with time as the atoms in the  ^ level returned to the 
ground state.
The measurement process was similar in both the 
Ca and Mg experiments. In both of these experiments the 
amount of absorption out of either the ^P^ or the ^P ^ or 
the 3p level was monitored as a function of time. In the
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FIGURE 8
Relevant energy-level structure of Ca. The 
6573-A line corresponds to the light emitted by the laser. 
The lines from the 3p , 3p , and 3p levels to higher 
energy levels correspond to the wavelengths emitted by the 
radio frequency discharge lamp and absorbed by excited Ca 
atoms in the absorption cell.
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FIGURE 9
Relevant energy-level structure of Mg. The 
4571-A line corresponds to the light emitted by the laser. 
The lines from the , 3p ^ , and 3p^ levels to the higher 
energy levels correspond to the wavelengths emitted by the 
radio frequency discharge lamp and absorbed by excited Mg 
atoms in the absorption cell.
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Mg measurements this involves monitoring the absorption at 
the wavelengths corresponding to the transitions  ^,
3p <-> 3g and ^P ■<-> (See Figure 9) . In the Ca meas­
urements the absorption out of the 3p^ level was monitored 
at the wavelengths corresponding to the transitions
3p 3p  ^ 3p 3q and ^P (The wavelengths of
2 3 2 2 2 1
these transitions only differ by an angstrom from each
other and could not be resolved with the spectrophotometer
used in this investigation). The absorption out of the ^P ^
level in Ca was monitored at the wavelengths corresponding
to the 3p 3j) and ^P <--> transitions (Once again
1 2  1 1
the spectrophotometer was unable to resolve the two l ines). 
Finally, the absorption out of the Ca ^P^ level was meas­
ured at the wave length corresponding to the transition 
3p^ -H-y 3o^, (See Figure 8).
The experimental arrangement is shown in Figure 10. 
A 1 psec pulse of radiation corresponding to the transition 
Ig •<-> 3p la either Ca or Mg was produced by the dye laser. 
The radiation passed through a beam expander which increas­
ed the diameter of the laser beam by a factor of five. The 
laser beam then passed through mirror M - 1 and was incident 
of the Tantalum lined quartz absorption cell containing 
either Ca or Mg. The sample was attached to a vacuum-gas 
handling system through which an inert buffer gas was in­
troduced into the absorption tube. The buffer gas prevent­
ed rapid diffusion of Ca or Mg vapor to the walls and kept 
the cell windows clean. The gas pressure was varied from
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F IG U R E  10
Block diagram of experimental arrangement 
for absorption measurements.
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10 to 600 Torr by means of the vacuum-gas handling system. 
This system also included a capacitive manometer which en­
abled measurements of the gas pressure to be made. The 
absorption cell was heated in an oven to temperatures 
ranging from 500 to 650 °C. Heating the cell produced Ca 
or Mg vapor with the majority of the atoms being in the 
ground state. The laser radiation excited some of the atoms 
from the  ^S ^ ground state to the  ^ excited level. Light 
from a radio frequency discharge lamp corresponding to the 
spectrum of the element being investigated was reflected 
from mirror M - 1 and passed collinearly with the laser beam 
through the absorption cell. Mirror M-2 at the output end 
of the absorption cell reflected 95% of the laser radiation 
back through the cell for a second transit, while trans­
mitting the light from the discharge lamp. The lamp light 
was focused on the entrance slit of a 1/2-m spectrophoto­
meter by a converging lens. A glass filter in front of the 
slit attenuated any remaining laser light but allowed the 
discharge lamp light to pass. The spectrophotometer was 
adjusted to transmit the lamp light to its exit slit. The 
absorption out of the ^ P ^ , ^P ^ and ^P^ levels was selective­
ly observed by adjusting the spectrophotometer to the proper 
wavelength. A photomultiplier tube measured the amount of 
light emerging from the exit slit. A current pulse was pro­
duced by the photomultiplier which in turn created a poten­
tial difference across a resistor. The potential differ­
ence created by the current pulse was amplified by a D.C.
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amplifier. An oscilloscope and the input to the Analog-to- 
Digital Converter of a PDP-LAB8/E computer were connected 
in parallel with the amplifier o u t p u t . The absorption sig­
nal was displayed on the oscilloscope while the voltage was 
simultaneously measured by the Analog-to-Digital Converter. 
The voltage and the time of sampling were stored in the 
memory of the PDP-LAB8/E computer for further processing.
In Chapter II two different equations for the 
absorption were derived. Each of these equations was shown 
to be a function of the lifetime of the ^P ^ level. The 
data analysis procedure will be explained for each of these 
two models for the absorption signal.
For most of the Ca data the absorption signal was 
taken to be of the form
S i t )  - A* ( 1  - ey.pC-Cr»j(0')ôxpC--t/D))-t-B (59).
In the above equation V(t) is the measured voltage, t is 
the time, F is the observed lifetime, and B is the D.C. 
baseline of the light. The constant, C, was defined in 
Chapter II and is given by
The quantity n ^ (0) is the population of the ^P^ (j=0,l,2) 
level at t = 0 and A ' is given by
A  = ( VCO') “ B)/(l “ exp(-CnjCo))) (6o>,
in which V(0) is the voltage at time, t = 0. The computer
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was programmed to sample the voltage of the absorption sig­
nal, as a function of time, calculate and subtract the base­
line from the measured voltage and store the corrected volt­
ages and times in an array. A least squares fit of the data 
to the function
V(t') — B = A'^1 - eyp(-Cir>j(0')e.xpC-t/r')')^ (61)
was performed to find C and T. The fit was accomplished by 
varying C and T independently until the sum of the squares 
of the differences in the absorption predicted by the model 
and given by the data was less than a preset minimum. The 
observed lifetime, r, was then multiplied by 3 to obtain 
the natural lifetime, t .
For the remainder of the Ca and all of the Mg 
experiments the absorption signal was taken to have the 
functional form
Vit) = A  e x p ( - t / D  + 8  (62),
where V(t) is the measured voltage. A" is the amplitude 
coefficient, B is the D.C. baseline of the light, t is the 
time, and T is the observed lifetime. A signal averaging 
program was also employed when equation (62) was taken as 
the absorption model. The computer was programmed to meas­
ure an absorption signal, calculate and subtract the base­
line from the measured voltages measured and store the 
corrected voltages and times in an array. A new signal was 
acquired and its baseline was determined from the voltage
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measurements. The baseline was then subtracted from all the 
new voltage data. The new signal voltages were added to 
those previously acquired and data collection proceeded in 
this manner until N signals had been obtained. The sums of 
the voltages at each instant of time were then divided by 
the total number of signals, N, and a least squares fit was 
performed on the signal averaged data to determine A" and T. 
This was accomplished by varying A" and r independently 
until the sum of the squares of the differences between the 
values predicted by the model and the data was less than a 
preset minimum. The observed lifetime, F, was then multi­
plied by 3 to obtain the natural lifetime, t . The results 
of these measurements will be presented in Chapter IV. A 
listing and discussion of the program used to perform the 
signal averaging and the least squares fit is presented in 
Appendix II. It should be noted that the same least squares 
fitting routine was used in fitting data to both absorption 
m o d e l s .
B . Thermal Equilibrium Measurements
In section B.2 of Chapter II the equation for the 
time dependence of the system population was derived. A 
major assumption in this derivation was that the populations 
of the and ^P^ levels were in thermal equilibrium.
Measurements were made to verify this assumption experi­
mentally. As in Chapter II, let the populations of the ^ P^,
3p and ^P levels be denoted by n , n and n . Equations 
1 0  2 1 0
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(17), (18) and (19) suggest that the ratios of the popula­
tions of the fine structure levels should be equal to 
the ratios of the constants, c,, 3 and y (i.e. , n^:n^:n^ =
Y : 3 : a ) . If the populations were in thermal equilibrium at 
some temperature, T, the values of a, 3 and y would be 
given by equations (26), (27) and (28). Therefore, in 
order to verify the assumption of thermal equilibrium in 
the sample, the populations of the , ^P and ^P levels 
must be found. The ratios n :n :n may then be formed and 
compared to the ratios y : 8 = as given by equations (28),
(27) and (26). The amplitude of the absorption out of the 
3p , or 3p or ^P level is directly proportional to the 
population of the level if the single exponential absorption
formula, equation (62), is assumed to be true. As mentioned
in Chapter II, the absorption. A, must be multiplied by the 
incident light intensity in order to yield the magnitude of 
the. absorption signal. Therefore, if the amplitudes of the 
absorption signals out of the ^P , ^P ^ and ^P^ levels are 
measured and divided by the respective values of the inci­
dent intensity of the radiation absorbed, the ratios of 
these normalized amplitudes will give the ratios of the 
populations of the ^P levels n :n :n .
The experiment to verify the condition of thermal 
equilibrium was conducted in the following manner. First, 
the incident light intensity was measured. Light from a 
Ca or Mg discharge lamp was reflected by mirror M - 1 into
the Ca or Mg absorption cell. The light passed through the
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cell, through mirror M-2 and entered the spectrophotometer.
The spectrophotometer was adjusted to measure the intensity
of the lamp light corresponding to the transitions
3p ■<-> 3]) 3p 3q and 3p ^  3p the case of Ca and
2 1 0  
3p -<->■ 3g 3p 3g and ^P in the case of Mg.
The intensity of each of these lines was measured. The 
next part of the experiment involved measuring the ampli­
tude of the absorption out of the Ca or Mg ^P , ^P or ^P 
levels after these levels were populated by the dye laser.
The Mg measurements were made by taking photographs of the 
trace of the absorption signals displayed on the oscillo­
scope. The Ca measurements were performed in exactly the 
same manner as described in section A of this chapter. In 
this case, however, the computer was programmed to determine 
the average initial amplitudes of the absorption signals.
The Ca lamp light employed was that corresponding to the 
transitions from the ^P levels to the  ^ level (See 
Figures 8 and 9). An average amplitude was calculated by 
the computer for the absorption signal corresponding to 
each of the above transitions. These average amplitudes 
were then normalized by dividing the amplitude of the absorp­
tion signal by the incident lamp intensity at the same 
wavelength. The ratios of the normalized amplitudes were 
then taken to obtain the ratio of the populations of the 
2p levels. The results of these measurements will be pre­
sented in Chapter IV.
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Block diagram of the experimental arrangement 
for Fluorescence measurements.
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G . Fluorescence Lifetime Measurements
Measurements of the lifetime of the Mg  ^ level 
were also made by monitoring the fluorescence from the ^P ^ 
level as a function of time. We were unable to detect 
fluorescence from the Ca ^P level. These fluorescence 
measurements were performed to corroborate the lifetime de­
terminations made by the absorption techniques described in 
the first section of this chapter. The fluorescence from 
the ^P excited level should vary with time as 'V' exp (-t/r ) . 
In this expression t is the natural lifetime of the ^P ^
level. However, as discussed in Chapters I and II, thermal
mixing collisions occur between the atoms of the ^ P ^ , ^P^ 
and ^P fine structure levels. The transitions ^ P -<->■  ^S
and ^P  ^S are forbidden, making the ^P -<-> ^ S transi­
tion the only mode of decay available to the atoms in the 
3p system. These effects result in an apparent lengthening 
of the observed lifetime. Thus, the time dependence of the 
fluorescence from the ^P level is given by exp(-t/P). In 
this expression F is the observed lifetime. The relation­
ship between the natural lifetime, t, and the observed life­
time, r, is given by
T = (3 r  (32)
in which 6 = 0.34 for Mg.
A schematic diagram o . the experimental arrange­
ment is shown in Figure 11. In order to prevent laser
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radiation from entering the photomultiplier tube, P M T , a 
triggering device was used to fire the laser and after a 
suitable time delay open a camera shutter positioned in 
front of the photomultiplier tub e . When measurements were 
to be made a switch was closed which applied a 6 volt 
positive going pulse to the external triggering circuit of 
the dye laser. The dye laser then fired a 1 ysec pulse of 
coherent radiation corresponding to the transition 
3p^ ■<-->■ 1 s in Mg. The laser light was expanded to five 
times its original diameter by a beam expander. The laser 
light excited atoms in the absorption cell from their 
ground state to the excited level. The atoms in the Mg
3p^ excited level decay back to the ground state giving off 
light. The camera shutter protecting the photomultiplier 
tube was opened 10 to 20 msec after the laser had fired.
The fluorescence from the Mg ^P ^ level was monitored as a 
function of time by the photomultiplier tube. The fluores­
cence signal was displayed on the oscilloscope and sampled 
by the Analog-to- Digital Converter of the mini-computer. 
The fluorescence signal had the functional form
in which V(t) is the voltage, R is the amplitude coefficient 
of the signal, t is the time, T is the observed lifetime and 
B is the B.C. baseline of the light. The signal averaging 
and least squares fitting routines discussed in section A of 
this chapter were used to compute the natural lifetime, x.
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D . Apparatus
1. Dye Laser
A Phase-R model DL-32^^ flashlamp pumped dye laser 
was used In this experiment to excite atoms from their 
ground state to the ^P metastable level. The laser had a 
quartz flashlamp which was coaxial to a tube through which 
dye was made to flow by means of a fluid pump. The optical 
cavity of the laser consisted of two mirrors and a diffrac­
tion grating. Coherent radiation was produced when a pulse 
discharge capacitor was charged to a high voltage, usually 
18 kV, and was discharged through the coaxial flashlamp 
after being triggered by a spark gap. The light pulses 
produced by the laser can be made to vary in wavelength 
from 4000-X to 6500-A by a suitable choice of the dye solu­
tion. Once a dye was chosen the radiation from the laser 
could be tuned to within 0.5-A of the desired wavelength by 
means of a diffraction grating. In this experiment two 
different lasing solutions were used. A 2 x 10"'* Molar 
solution of 7-Diethylamino-4-MethyIcourmarin (C H NO ) 
with 200 proof Ethanol as the solvent was used to produce 
radiation at a wavelength of 4571-A corresponding to the 
transition ^P in Mg. A one-to-one mixture of a
5 X 10  ^ Molar solution of Cresyl Violet Perchlorate 
(C H CIN 0 with a 4 X 10"  ^ Molar solution of Rhodamine
60 (C H N O  HCl)^® with 200 proof Ethanol as the common 
28 30 2 3
solvent was used to produce radiation at a wavelength of
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6573-A corresponding to the <-->■  ^ transition in Ca.
The laser produces pulses of approximately 1 ysec duration
and of about 0.1 Joules of energy and with a diameter of
approximately 1 cm. The laser is capable of firing auto­
matically once every second. The laser may also be fired 
manually or by an external triggering pulse.
2. Radio Frequency Discharge Lamp
The R.F. discharge lamp consisted of a round bot­
tomed one-liter pyrex .flask with the neck extended by a 
five inch piece of one-inch diameter pyrex tubing sealed at 
one end. A small stem of 8 mm pyrex tubing was affixed to 
the side of the flask. Calcium or Magnesium was placed in­
to the neck of the lamp and the neck was inserted into a 
4-inch long R.F. coil consisting of eight turns of 12 AWG 
enameled wire. The coil was housed in a firebrick®^ oven 
which was enclosed in an aluminum box. The lamp and oven 
arrangement is shown in Figure 12. The lamp was attached 
to a vacuum system by means of the 8 mm stem. After being 
evacuated, about 5 Torr of Research Grade Argon^  ^  was intro­
duced into the lamp and a Heathkit Model DX-20 transmitter 
was connected to the R.F. coil in the oven. The Argon gas 
was then ionized with a Tesla coil and the discharge was 
maintained by the R.F. field in the coil. Thus, the coil 
and lamp provided the load for the transmitter. The lamp 
was heated in the oven by a horseshoe-shaped heating coil 
placed in the bottom of the oven. The lamp's temperature
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Radio frequency discharge lamp and oven.
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was monitored by a thermometer protruding into the oven 
through a hole in the aluminum enclosure. Heating the 
lamp produced Ca or Mg vapor. This atomic vapor underwent 
collisions with the ions present in the R.F, discharge 
thereby becoming excited to higher energy levels. The 
atoms decayed back to lower excited states and the ground 
state and emitted light. In actuality when the Ca or Mg is 
first heated only the characteristic lines of Na, from the 
glass are very intense. It was only after a reaction b e t ­
ween the alkaline vapor and the glass had taken place imped­
ing the liberation of the Na and the Mg or Ca had been out- 
gassed by heating and ion bombardment that the spectrum of 
Ca or Mg became e v ident.It was not unusual to have had to 
cool the lamp, evacuate it and put in a fresh charge of Ar 
several times before sufficiently intense light was obtained. 
Once this condition had been fulfilled, however, a final 
charge of about 3 Torr of Ar was Introduced into the lamp 
and it was sealed off. In actual operation a temperature 
was selected for the lamp which produced relatively stable 
operation. The degree of self-reversal of the lines emit­
ted by the lamp was controlled by varying the l a m p ’s 
operating temperature.
3. Optics
In the Ca experiment the mirror M - 1®^ (See Figure 
10) was specially coated to transmit 90% of the 6573-A 
laser line while reflecting 95% of the lamp radiation b e t ­
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ween 4000-A and 6200-A, enabling both beams to pass collin- 
early through the Ca absorption cell. Another mirror was 
placed between the absorption cell and the 1/2-m spectro­
photometer. This mirror, M-2^^, was specially coated to 
transmit radiation between 4000-A and 6200-A while reflect­
ing 95% of the 6573-A laser line for a second transit of the 
absorption cell.
In the Mg experiment mirror M - 1®^ was specially 
coated to transmit 90% of the 4571-A laser line while re­
flecting 95% of the 5173-A line again enabling both the 
lamp radiation and that of the laser to pass collinearly 
through the Mg absorption cell. Mirror M-2^ ^ was coated to 
transmit 90% of the 5173-A line to the spectrophotometer 
while reflecting 95% of the 4571-A laser line for a second 
transit of the absorption cell.
In the Mg experiment a coramerical broadband yellow 
glass filter which absorbed strongly in the green region of 
the spectrum was used to absorb any residual laser light at 
4571-A which had not been reflected by Mg mirror M-2. This 
glass filter was employed to protect the spectrophotometer.
For the same reason a coramerical broadband blue 
glass filter was used in the Ca experiment to absorb any re­
sidual laser light at 6573-A, which had not been totally re­
flected by Ca mirror M-2, before it could reach the spectro­
photometer.
A beam expander was used to expand the 1 cm dia­
meter laser beam by a factor of five. This expansion pro­
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duced a uniform intensity across the window of the absorp­
tion cell. In the preliminary work performed by Wright et 
al. 2 ’’ to determine the Mg  ^ lifetime a laser with a much 
smaller beam diameter was used. It was found that the nar­
row beam of this laser was capable of exciting a large num­
ber of atoms to the ^P ^ metastable level. These excited 
atoms were at first contained in a small volume. The ex­
cited atoms completely absorbed all of the light from the 
radio frequency discharge lamp in this volume. However, a 
number of excited atoms which had not absorbed radiation 
remained in the volume. As the remaining excited atoms 
diffused out of the excitation region, lamp light was once 
again available for absorption. This effect produced an 
absorption signal which actually grew for a short time be­
fore it began to decrease. This produced a distorted ab­
sorption signal. In order to prevent this effect, a beam 
expander was employed. The laser used In the present inves­
tigation had a much larger beam diameter. Hence the dif­
fusion problem mentioned above was never a serious problem 
even when no beam expander was employed.
4. Sample Oven
The sample oven is shown in Figure 13. It consist­
ed of a rectangular aluminum box without a top, 14.25 inches 
long, 8.25 inches wide and 9.5 inches high. This aluminum 
box was lined with firebricks to form an oven. The bricks 
at the front and back sides of the oven had a U-shaped slot
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in them to form a cradle in which the sample rested. A 
wire heater was placed in the side and bottom bricks of the 
oven. This heater was connected to a 20 amp Variac. A 
firebrick with a hole in its center for a thermocouple rest­
ed on the side walls of the oven to form the top. Fiber- 
frax insulation®^ was used to fill in any heat leaks in the 
oven. A Platinum-Platinum 10% Rhodium thermocouple with its 
reference junction in ice water was used to measure the 
sample's temperature. The thermal eraf produced in the 
thermocouple was measured by a John Fluke Model 8 0 IH Pot- 
entometric D,C. Voltmeter.
5. Signal Detection Apparatus
The absorption signals were detected by a 1/2-m 
spectrometer which had a RCA 4517 Photomultiplier tube 
monitoring the light emerging from the spectrometer's exit 
slit. The photomultiplier had a negative voltage of 1250 V
D.C. applied to it by a Hewlett Packard Harrison 6515A B.C. 
Power Supply.
The light intensity for a particular transition 
was maximized by observing the photocurrent on a Keithley 
150B Microvolt Ammeter and adjusting the wavelength setting 
of the spectrophotometer to achieve a maximum.
An absorption or fluorescence signal caused the 
photomultiplier to create a current pulse that in turn 
created a potential difference across a resistor. In the 
Mg experiment a 100 kfi resistor was employed while in the
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Ca experiment 10, 22 and 47 kO resistors were used. These 
resistors produced adequate signal to noise ratios without 
discernably distorting the absorption signal. The resistor 
was connected in parallel with the input of a Tektronix 
Type D amplifier. A Tektronix 549 oscilloscope and the in­
put of the Analog-to-Digital Converter of a PDP-LAB8/E 
computer were connected in parallel to the amplifier output. 
The oscilloscope was used to display the signals. The 
Analog-to-Digital Converter sampled the signal voltage once 
every 50 ysec for Ca and once every 500 ysec for Mg. The 
voltage and the time were stored in the c o mputer’s memory 
for further processing. The computer began sampling the 
voltage signal when it was triggered by a Schmidt trigger 
which was itself triggered by voltage signals of a preset
E . S a m p l e  P r e p a r a t i o n
Cylindrical quartz absorption cells with quartz 
windows were specially prepared by a glassblower®® with only 
one quartz window affixed. The cells were 60.9 cm long and 
either 2.54 or 5.08 cm in diameter with a piece of 8 mm 
quartz tubing located 7.62 cm from each end of the absorp­
tion cylinder. A piece of 8 mm pyrex tubing was joined to 
each of the pieces of quartz tubing by means of a quartz to 
pyrex graded seal. One piece of the pyrex tubing was left 
open while the other piece had a pyrex break seal affixed
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The cell was cleaned with a 5% Hydrofluoric acid 
solution and rinsed six times with distilled water and then 
allowed to dry. Tantalum foil®'’ was employed to line the 
inner surface of the absorption tube. The impurities pre­
sent in this foil are listed in Table 12. Four pieces of 
the foil, each measuring 16 inches long by 6 inches wide by
0.001 inches thick, were separately rolled lengthwise to 
form a Ta tube and were inserted into the cleaned quartz 
cell coaxially so that the seams arising from rolling each 
piece of Ta over itself alternated from the top to the bot­
tom of the cell. Several pieces of the foil were used to 
impede the progress of hot metal vapor from the element be­
ing investigated from creeping through the seams and attack­
ing the quartz tubing. The glassblower then fused the 
other quartz window onto the cell. A completely assembled 
quartz absorption cell containing the Ta foil lining is de­
picted in Figure 14.
L i f e t i m e  d e t e r m i n a t i o n s  w e r e  m a d e  w i t h  no l i n e r  of 
a ny k i n d  in t h e  a b s o r p t i o n  cell. T h e  r e s u l t s  of t h e s e  
m e a s u r e m e n t s  y i e l d e d  v a l u e s  of th e l i f e t i m e  w h i c h  w e r e  a 
f a c t o r  of two t i m e s  s h o r t e r  th a n  t h o s e  o b t a i n e d  f r o m  a s i m ­
i l a r  c e l l  l i n e d  w i t h  Ta. T h i s  d i s c r e p a n c y  m a y  b e  a t t r i b u t e d  
to q u e n c h i n g  c o l l i s i o n s  b e t w e e n  the e x c i t e d  Mg a t o m s  and 
th e c o n t a m i n a n t s  p r o d u c e d  by a r e a c t i o n  b e t w e e n  the h o t  Mg 
v a p o r  a nd th e q u a r t z  a b s o r p t i o n  cell. L i f e t i m e  m e a s u r e ­
m e n t s  w e r e  a l s o  m a d e  w i t h  a b s o r p t i o n  c e l l s  l i n e d  w i t h  s t a i n ­
l ess s t e e l  a n d  M o l y b d e n u m  tubes. T h e  l i f e t i m e  v a l u e s  ob-
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F IG U R E  1 4
Quartz Absorption Cell with Tantalum Liner
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tained from the Molybdenum lined absorption cell were a 
factor of approximately four times shorter than those ob­
tained from a similar Ta lined cell. The Mo liner was not 
as clean as the Ta liner. The background pressure only 
reached a lower limit of 6 x 10"  ^ Torr even after bei..g 
heated at 800 °C for 3 days. Thus, contaminants still 
present on the Mo surface could have been responsible for 
the lower lifetime values. The Mo liner also greatly re­
duced the diameter of the absorption cell. This may have 
resulted in shorter lifetimes because of the increased 
probability of quenching collisions between excited Mg atoms 
and the Mo liner. The measurements with the stainless 
steel lined sample gave results consistent with those ob­
tained with a Ta lined sample for high values of the buffer 
gas pressure. However, as the buffer gas pressure was re­
duced to about 20 Torr a pronounced shortening of the life­
time was observed. The stainless steel liner also reduced 
the effective diameter of the absorption cell and this made 
quenching collisions between excited Mg atoms and the cell 
walls possible at low buffer gas pressures. It was decided 
that Ta foil was the most suitable lining material because 
of its resistance to reactions with hot metal vapors, the 
relative ease with which it could be outgassed to low back­
ground pressures and its negligible effect on the effective 
diameter of the absorption cell.
T h e  s a m p l e  w a s  a t t a c h e d  to a v a c u u m  s y s t e m  w i t h  a 
c o l d  t rap in the f o r m  of a U - t u b e  b e t w e e n  th e s a m p l e  and the
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rest of the vacuum system. The vacuum system consisted of 
a forepump, a turbomolecular pump, high vacuum valves and a 
capacitive manometer all interconnected by pyrex glass tub­
ing and kovar to pyrex graded seals. The vacuum system is 
depicted schematically in Figure 15. The sample was attach­
ed to the vacuum system at point A shown in the figure. A 
turbomolecular pump was used in this experiment in order to 
minimize the risk of contamination Of the vacuum system by 
organic contaminants. The sample was evacuated and all por­
tions of it were outgassed inside of a firebrick oven at a 
temperature of 450 C. The cold trap between the sample 
and the vacuum system was filled with liquid Nitrogen during 
the evacuation process. The high vacuum valves were held in 
their open position by bakeout clamps and the valves, the 
Bayaid-Alpert ion gauge and the Interconnecting glassware 
were baked in a fiberfrax tent at 300 ° C . Heat lamps were 
used to bake the C valve connecting the turbomolecular pump 
and the rest of the vacuum system. The capacitive manometer 
was baked in a separate fiberfrax tent to 300 °C while bake­
out heaters were used on the turbomolecular pump itself.
The remaining exposed glassware was heated by heat tapes or 
flamed periodically with a bunsen burner. Heat was applied 
until the background pressure as measured by a Bayard-Alpert 
ion gauge on the turbomolecular pump side of the C valve was 
reduced to about 2 x 10"® Torr of H g . After allowing the 
components of the vacuum system to cool to room temperature, 
a pressure of approximately 10  ^ Torr of Hg was obtained.
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F IG U R E  1 5
Schematic diagram of Vacuum - Gas Handling System
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T h e  s y s t e m  w a s  s l o w l y  let up to air a n d  the U - t u b e  c old 
tr a p  w as r e m o v e d .  T h e  s a m p l e  w as t h e n  r e a t t a c h e d  to the 
v a c u u m  s y s t e m  w i t h  a p i e c e  of Ga or M g  s i t u a t e d  h a l f w a y  
b e t w e e n  the f r o n t  w i n d o w  of the c e l l  ( i .e., the w i n d o w  
n e a r  the po r t  w i t h o u t  the b r e a k  seal) a n d  the T a  foil.
A manufacturer's list of the impurities present in 
the Ga®® and Mg^S given in Table 13. The Ta-lined part 
of the cell and the rear window were placed inside a fire­
brick oven and baked at 700 ° G . The other components of the 
vacuum system were also heated again in the manner described 
above. The system was heated until the pressure was reduced 
to 7 X 10"  ^ Torr of Hg at which time the Ga or Mg chunk was 
outgassed under vacuum by heating the quartz cell wall on 
which it rested with a bunsen burner until the background 
pressure began to decrease again. The bakeout of the system 
continued until a pressure of 5.7 x 10"^ Torr was reached 
at which time only the sample continued to be heated. The 
piece of Mg or Ga was outgassed once again. Only when the 
background pressure had decreased to 2 x 10"^ Torr of Hg as 
measured on the ion gauge on the sample side of the G valve 
with the sample at a temperature of 800 °C was the heat on 
the sample oven turned off. Upon cooling to room temper­
ature the pressure was determined to be 7 x 10"® Torr of Hg. 
The sample was then sealed off under vacuum of the pyrex 
side of the quartz to pyrex graded seal of the non-break 
seal exit port of the sample. In previous work on Mg by 
Wright et a l .  ^^  samples were heated at 800 °C until a back-
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ground pressure of 2 x 10“ ° Torr was achieved. Measure­
ments of the lifetime using these samples resulted in a 
lifetime value 50% shorter than that quoted in this investi­
gation. The sealed-off sample was then placed in an oven on 
the table supporting the dye laser and the spectophotometer. 
A slug consisting of a piece of magnetized iron encapsul­
ated in pyrex glass 1.75 inches long and 3/8 of an inch in 
diameter was placed on top of the sample break seal. The 
sample was then reattached to the vacuum system by means of 
the break seal port at point B of the vacuum system as 
shown in Figure 15. At the same time pyrex bottles of Re­
search Grade Inert Gases®® with their own break seals and 
slugs were attached to the vacuum system as shown in Figure 
15. The break seals and slugs were cleaned with Hydroflu­
oric acid solution and rinsed in distilled water before 
being used on the vacuum system. Table 14 records the im­
purities present in the inert gases w h i 1e Table 15 lists the 
impurities present in the H and N gases used in this 
work. All possible components of the vacuum system were 
again baked to outgas their inner surfaces. The bakeout 
continued until a pressure of 10“ ® Torr of Hg was attached. 
With all heat removed from the system, the background pres­
sure of the system was 4.4 x 10 ® Torr. The break seal 
connecting the sample and the system was broken and evacu­
ation of the system continued until a pressure of 4 x 10“ ® 
Torr was again attained. The sample was then ready for use.
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T Y P IC A L  A N A L Y S IS  IN  PA R TS PER M IL L IO N  OF
TH E IN E R T  GASES USED IN  T H IS  WORK
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CHAPTER IV
DATA AND RESULTS
Measurements were made to determine the lifetime 
of the ®P metastable level of Ca and Mg over a wide range 
of experimental conditions. These studies were undertaken 
to determine any functional dependence of the lifetime on 
the experimental variables and also to investigate any 
possible sources of systematic error in the measurement 
technique. The experimental data and results for Ca and Mg 
will be presented separately. A comparison of the Ca and 
Mg results will be made at the close of this chapter.
1. Thermal Equilibrium Measurements
In Chapter II a theoretical model for the time 
dependence of the absorption of light by atoms in the ®P 
fine structure levels was derived. A major assumption in 
this derivation was that the populations of the ®P , ®P 
and ®P levels corresponded to the populations expected 
under conditions of thermal equilibrium. In particular, 
the existence of thermal equilibrium was assumed in order 
to compute g , the fraction of the total population of the 
®P levels in the ®P level. This assumption was verified
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experimentally. The ratios of the populations of the Ca 
fine structure levels were experimentally measured in the 
manner outlined in section B of Chapter III. These measured 
ratios were compared to the theoretical ratios. The ratios 
of the populations of the Ca levels obtained experimen­
tally fell within 4% of the theoretical estimates of the 
population ratios. These measurements verified the assump­
tion of thermal equilibrium and confirmed the choice of 
g = 0.36 for Ca.
2. Quenching of Metastable Ca Atoms by and
The next phenomenon to be investigated was the 
quenching of Ca atoms in the  ^ level to their ground 
state by collisions of the second kind with and gas. 
This would result in a shortening of the measured value of 
the lifetime of the Ca  ^ level. The energy transferred 
in these collisions either serves to increase the kinetic 
energies of the collision partners or to excite the H and 
N molecules. The processes involved are therefore:
X + Ca* — *" X  4- Co. + kinetic. rg y (64)
w h e r e  X is a H or N m o l e c u l e  a n d  * d e n o t e s  an e x c i t e d  
a t o m  or m o l e c u l e .  D e - e x c i t a t i o n  of Ca  ®P m e t a s t a b l e  a t o m s  
ma y  a l s o  o c c u r  b e c a u s e  of c o l l i s i o n s  b e t w e e n  t h e s e  a t o m s  and
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the walls of the absorption cell at low foreign gas pres-
Measurements were made to determine the rate of 
quenching of excited Ca  ^ atoms by and gas. The 
data was obtained by monitoring the absorption out of the 
®P levels as described in section A of Chapter III. However, 
the PDP-LAB8/E computer was not used in performing the 
quenching rate measurements since the maximum rate at 
which it could sample absorption signals proved to be too 
slow. The quenching data for Ca was obtained from measure­
ments performed with 2.54 cm diameter absorption cells.
E a c h  m e a s u r e m e n t  of the l i f e t i m e  of the Ca ®P l e v e l  w as
p e r f o r m e d  by m o n i t o r i n g  the a b s o r p t i o n  of l i g h t  out of on e
of the ®P l e v e l s  w i t h  a f i x e d  p r e s s u r e  of H or N gas in
the a b s o r p t i o n  cell. A p h o t o g r a p h  of the t r a c e  of the a b ­
s o r p t i o n  s i g n a l  d i s p l a y e d  on th e o s c i l l o s c o p e  w a s  th e n  
o b t a i n e d .  T h e  a b s o r p t i o n  s i g n a l  w a s  fit to a s i m p l e  e x p o ­
n e n t i a l  f u n c t i o n  of th e f o r m
V(t^  = A''e)<.p(-vr) + B (62),
w h e r e  V(t) is t he v o l t a g e .  A" is the a m p l i t u d e  c o e f f i c i e n t ,  
t is t h e  time, T is t h e  o b s e r v e d  l i f e t i m e  and B is the D.C. 
b a s e l i n e  of the ligh t .  T h e  v o l t a g e ,  V ( t ) ,  m i n u s  the b a s e ­
l ine, B, w a s  r e a d  f r o m  the p h o t o g r a p h s  as a f u n c t i o n  of 
time. T h e s e  r e a d i n g s  w e r e  th e n  p l o t t e d  on s e m i - l o g  p a p e r  
y i e l d i n g  a s t r a i g h t  l i n e  f r o m  w h i c h  the l i f e t i m e  c o u l d  be 
o b t a i n e d .  D a t a  a c q u i s i t i o n  an d  a n a l y s i s  p r o c e e d e d  in this
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manner for several different pressures of and gas.
The relationship between the measured lifetime, t ^,
and the true lifetime, t , in the presence of a foreign gas
is given by®®
1/Tm = «I +b/P -h cP (66),
where a is 1/t , and P is the foreign gas pressure. The term 
b/P is included to account for quenching of the metastable 
atoms at the cell walls at low foreign gas pressures. The 
term cP accounts for quenching of metastable Ca atoms by 
collisions of the second kind with foreign gas molecules.
A least squares fit to the function
(67)
was performed, where the term describing quenching at the 
cell walls was neglected. This analysis gave total quench­
ing rates of 2.74 + 0.18 x 10® see"^ Torr"^ for and
2.18 + 0.47 X 10® sec"^ Torr"^ for N^. A multiple regres­
sion analysis was then performed in which a function of the
y = a. 4- b (68)
was taken as the regression model. In the above formula 
y = 1/x , a = 1/t , x  ^ = 1/P and x^ = P. This analysis dem­
onstrated that the inclusion of the 1/P diffusion term 
reduced the sum of the squares of the residuals by a neg­
ligible amount in fitting the data. The sum of the squares
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of the residuals was reduced from 1.64 to 1.54 for the 
data and from 5.41 to 5.40 for the data. A statistical 
F test® ^  was also performed to see whether or not the addi­
tional term improved the value of the sum of the squares of 
the residuals by a significant amount. This test indicated 
that there was no significant improvement in the fit with 
the addition of the 1/P diffusion term. The diffusion terra 
may also be neglected on the basis that its coefficient is 
so small that a negligible error is introduced by neglect­
ing the term b/P for the range of pressures involved in 
this experiment.
Th e  r e s p e c t i v e  v a l u e s  of 2.74 + 0.18 x 10® and
2.18 + 0.47 X 10® s e e ” ® T o r r " ^  f or the a n d  q u e n c h i n g  
ra t e s  s e r v e  as i n d i c a t i o n s  of the l e v e l s  of a n d  b a c k ­
g r o u n d  p r e s s u r e s  t h a t  c an be t o l e r a t e d  w i t h o u t  a p p r e c i a b l y  
a f f e c t i n g  the l i f e t i m e .  F or e x a m p l e ,  b a c k g r o u n d  p r e s s u r e s  
on the o r d e r  of 10”  ^ T o r r  w o u l d  i n t r o d u c e  l e s s  t h a n  a 1% 
e r r o r  in the l i f e t i m e  m e a s u r e m e n t s .  M e a s u r e m e n t s  of the 
b a c k g r o u n d  p r e s s u r e  as a f u n c t i o n  of time w i t h  t he v a c u u m  
p u m p  v a l v e d  o f f  s h o w e d  th a t  the b a c k g r o u n d  p r e s s u r e  did not  
e x c e e d  10"® T o r r  d u r i n g  r uns in w h i c h  l i f e t i m e s  w e r e  m e a s u r ­
ed. T h e r e f o r e ,  q u e n c h i n g  by  b a c k g r o u n d  c o n t a m i n a n t s  can be 
n e g l e c t e d .
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3. Ga Vapor Pressure and Buffer Gas 
Pressure Dependence
Experimental investigations were performed to de­
termine the dependence of the lifetime of the Ca ®P level 
on the Ca vapor pressure and the inert buffer gas pressure. 
The inert buffer gases used were Neon and Argon. Data was 
taken using both 2.54 and 5.08 cm diameter absorption cells. 
The lifetime values, obtained from the 2.54 cm diameter 
cells, were acquired from the computer analysis of a single 
absorption signal. However the lifetime values obtained 
from the 5.08 cm diameter absorption cells, were obtained 
from the analysis of the signal average of 20 absorption 
signals. All of the measurements were taken with the laser 
beam expanded.
The buffer gas dependence of the lifetime was in­
vestigated by obtaining data with the absorption cell at a 
constant temperature and hence at a constant vapor pressure. 
The Ne and Ar gas pressures were varied from 20 to 500 
Torr. The results of these lifetime determinations are pre­
sented in Figure 16. The mean value of the reciprocal of 
the lifetime at each buffer gas pressure is plotted versus 
the buffer gas pressure. The error bars represent the 
standard error of the mean (i.e., the standard deviation 
from the mean divided by the square root of the number of 
measurements).®® The horizontal line corresponds to the 
unweighted average of all the measurements independent of 
the buffer gas pressure.
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Graph of reciprocal of Ca ®P  ^ lifetime versus 
buffer gas pressure. Each point is the mean of several 
measurements and the error bars represent the standard 
error of the mean. The horizontal line is the mean of 
157 measurements of the reciprocal lifetime. ( 1/t 
2.54 + 0.02 X 10® sec - 1 ) ,
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The buffer gas pressure could have affected the 
lifetime measurements because of the possibility of quench­
ing collisions of the second kind as in the case of quench­
ing by and gas. However, quenching collisions are 
not as likely since Ar and Ne are inert gases. Diffusion 
of excited Ca atoms to the cell walls at low buffer gas 
pressures could also have affected the lifetime measure­
ments.
A multiple regression analysis was performed with 
equation (66) as the fitting function using data obtained 
at a constant temperature for various values of the Ar or 
Ne buffer gas pressure. Statistical F tests demonstrated 
that no significant correlation existed between 1/?^ and P 
irrespective of the type of buffer gas and the diameter of 
the absorption cell used. Statistical F tests also demon­
strated that there-was no significant correlation between 
values of 1 / t and 1/P independent of the type of the buffer 
gas and the diameter of the absorption c e l l .employed. A 
least squares fit to the data obtained at a constant temp­
erature was also performed. In this analysis a functional 
relationship between l/x and P of the form
l / T „ = x ^ c P  (67)
was assumed. The coefficient c was determined to be approx­
imately 10“  ^ sec"^ T o r r " ^ . Neglecting the pressure depend­
ence.,) over the range of pressures for which lifetime meas-i 
urements were made would therefore introduce a negligible
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in the value obtained for t . On the basis of the above 
analysis, it was concluded that over the range of pressures 
at which lifetime measurements were made the Ca  ^ life­
time demonstrated no buffer gas pressure dependence.
The variation of the Ca ^P lifetime as a function 
of the Ca vapor pressure was investigated at several fixed 
buffer gas pressures. The results of these measurements 
are presented in Figure 17. The mean value of the recip­
rocal of the lifetime obtained at a constant value of the 
Ca vapor pressure is plotted versus the logarithm of the 
Ca vapor pressure. The error bars represent the standard 
error of the mean while the horizontal line represents the 
unweighted average of all lifetime measurements made with 
the Ca vapor pressure below 0.1 Torr.
The lifetime measurements could have been system­
atically lengthened by reabsorption of the fluorescence 
from Ca ^P atoms by ground state Ca atoms. This process 
is sometimes called "radiation trapping" and depends on the 
density of ground state atoms and hence on the Ca vapor 
pressure. The lifetime measurements could also have been 
systematically shortened by quenching collisions between 
excited ^P Ca atoms and ground state Ca atoms. This 
effect would also depend on the Ca vapor pressure.
The graph of the reciprocal of the Ca ^P^ lifetime 
versus the logarithm of the Ca vapor pressure shown in Fig­
ure 17 exhibits neither a systematic lengthening nor short­
ening of the lifetime for values of the Ca vapor pressure
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F IG U R E  17
Graph of reciprocal of Ca  ^ lifetime versus 
logarithm of Ca vapor pressure. Each data point is the 
mean of several measurements and the error bars represent 
the standard error of the mean. The horizontal line is 
the mean of 157 measurements of the reciprocal lifetime.
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between 10"'+ and 10" ^ Torr. One may conclude that the 
systematic errors introduced by radiation trapping and 
quenching collisions were either so small as to be negligible 
or that they were significant but being of opposite signs 
and the same order of magnitude their effects cancelled.
A paper by Barrat®^ indicates that if radiation 
trapping is present, the measured lifetime is given by
= 'T/Cl -X'i (69),
where t is the lifetime in the absence of radiation trapping, 
is the measured lifetime and x is given by
X = 1 - ey. p ( - C'Tt/^ ") (70).
In the expression for x given above, £ is the absorption 
path length and is defined by equation (9) which is 
found in Chapter II. The equation for may be recast in 
terms of the Ca vapor pressure, , and the absolute
temperature, T, as
1/T„ = i/T -(1- (71).
where s is a constant.
The expression for the measured lifetime if quench­
ing collisions are occurring is given by^^
1/T„ = 1 /T (72),
w h e r e  Q is a c o n s t a n t  r e l a t e d  to the q u e n c h i n g  cro s s  s e c t i o n .
Most of the Ca data presented in this work was ob-
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tained at T = 850°K and = 10"^ Torr. An estimate of
the error introduced by the presence of both radiation 
trapping and collisional quenching may be calculated from 
the relation
1 / T ,  (74)
1 / T ^  ( 1  - e v . p C - s . d ^ ^ p / T  ")) (75).
Using realistic estimates of the parameters involved, a 
calculation of the amount of error introduced by the joint 
effect of radiation trapping and collisional quenching 
yields a value of 5% error in the lifetime determinations. 
This amount of variation would not have been discerned dur­
ing lifetime measurements.
A least squares fit to the equation
1 / T „  -  a. 0 6 )
was made using lifetime data obtained at constant buffer 
gas pressures. This analysis indicated that the Inclusion 
of the term cP changed the value obtained for t by 1%, 
for vapor pressures less than 10"  ^ Torr, Statistical F 
tests also indicated that there was no significant corre­
lation between the reciprocal of the lifetime and the Ca
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vapor p r essure.
The lifetime of the Ca  ^ level is shortened for
vapor pressures above 10"  ^ Torr as Indicated in Figure 17. 
This effect may be due to quenching collisions between ex­
cited and non-excited Ca atoms. However, this effect was 
most probably caused by quenching collisions between Ca 
atoms and contaminants driven off the inner surface of the 
Ta liner and the absorption tube at high temperatures. On 
the basis of the above analysis it was concluded that for Ca 
vapor pressures between 10"'+ and 10" ^ Torr, the lifetime of 
the Ca ^P level did not depend on the Ca vapor pressure.
4. Ca Results
The lifetime of the Ca ^P level displayed no 
strong buffer gas or vapor pressure dependence for buffer 
gas pressures from 20 to 500 Torr and vapor pressures less 
than 10"  ^ Torr as indicated in the last section. The un­
weighted average of all the measurements in the aforesaid 
vapor pressure and buffer gas pressure ranges was therefore 
taken as the experimental value for the lifetime of the  ^P ^ 
metastable level. The mean of 157 measurements of x is
0.393 + 0.003 msec. The quoted error is a measure of the 
random error in the average value of x. The error corres­
ponds to the standard error of the mean of 157 measurements. 
A histogram showing the distribution of the experimental 
values of x is presented in Figure 18. Superimposed on the 
histogram is a plot of the function kf(x)Ax versus x. This
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FIGURE 18
Histogram of Ca  ^ lifetime values. Super­
imposed on the histogram is a plot of the function kf(x)Ax 
versus x. This function is the probability that a value 
of X will lie within an interval of width Ax if k measure­
ments of X are made.
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function is the probability that a value of t will lie with­
in an interval of width A t if k measurements of t are m a d e . 
We assumed that there was a distribution of values of t due 
to random measurement errors and we assumed that the dis­
tribution function of the t values, f (T ), was Gaussian.
In addition to the random error quoted above, es­
timates of the systematic error in the Ca measurements must 
also be made. Several sources of systematic error will now 
be considered. There was no significant difference observed 
between lifetimes measured in the 2.54 cm versus the 5.08 
cm diameter absorption cells. Therefore, one may conclude 
that quenching of the metastables by collisions with the 
walls of the absorption cell was not a significant problem 
even at low buffer gas pressures.
The effect of quenching collisions between meta­
stable atoms and the inert buffer gas atoms was investigated 
by changing the buffer gas pressure by an order of magni­
tude during lifetime measurements. No significant effect 
was observed.
M e a s u r e m e n t s  w e r e  m a d e  in w h i c h  the i n t e n s i t y  a nd 
d e g r e e  of s e l f - r e v e r s a l  of the r a d i o  f r e q u e n c y  d i s c h a r g e  
la m p  w a s  v a r i e d .  T h e s e  v a r i a t i o n s  p r o d u c e d  no s i g n i f i c a n t  
c h a n g e  in the m e a s u r e d  v a l u e  of the l i f e t i m e .  T h e  t ime 
b a s e  of the A n a l o g - t o - D i q i t a l  C o n v e r t e r  w a s  c h e c k e d  and 
fo u n d  to be  o p e r a t i n g  p r o p e r l y .  A n  e x p o n e n t i a l l y  d e c a y i n g  
p u l s e  of k n o w n  t ime c o n s t a n t  w a s  p r o d u c e d  b y  d i s c h a r g i n g  a 
c a p a c i t o r  t h r o u g h  a r e s i s t o r .  T h i s  p u l s e  w a s  a n a l y z e d  by
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the computer and the time constant obtained from this anal­
ysis was in excellent agreement with the RC time constant of 
the circuit. This test indicated that no large systematic 
error due to an electronic malfunction was present. The 
linearity of the photomultiplier tube was also checked and 
found to be adequate. The process of quenching by ions 
produced by photo-ionization may be neglected since this 
would require the absorption of three photons, which is not 
likely to oc c u r .
Radiation trapping and quenching due to Ca-Ca 
collisions would depend on the Ca vapor pressure. The Ca 
vapor pressure was varied from approximately 10"  ^ to 10"  ^
Torr. The measured lifetime values did not change by any 
significant amount. At vapor pressures above 10“ ^Torr, 
however, the lifetime was significantly shortened. This 
shortening of the lifetime could be explained either in 
terms of Ca-Ca quenching collisions or in terms of the out- 
gassing of residual contaminants from the Ta liner. None 
of the lifetime data obtained at vapor pressures above 10"  ^
Torr was included in the calculations of the final lifetime 
value quoted in this work.
If the radiation from the laser was sufficiently 
intense the population of the level could have been
large enough to have resulted in the absorption of more than 
20% of the incident light from the R.F. discharge lamp. In 
Chapter II it was shown that for small absorption signals 
the simple exponential and the exponential to an exponential
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absorption models agreed well with the more exact integral 
absorption expression. An analysis similar to that depicted 
in Figure 6 of Chapter II indicates that if the amount of 
absorption was 25% an error of approximately 0.040 msec in 
the lifetime value would have resulted. Although care was 
taken to avoid this difficulty by only analyzing small ab­
sorption signals, variations of the lifetime with the laser 
power were observed from time to time. If the above esti­
mate of the systematic error is combined in quadrature with 
the random error, the uncertainty in the measured lifetime 
becomes 0.040 msec. Therefore, the final result and un­
certainty quoted in this investigation for the Ca  ^ life­
time is 0.393 + 0.040 msec.
B . Magnesium
1. Thermal Equilibrium Measurements
Measurements were performed to test the hypothesis 
that the populations of the Mg ^P fine structure levels 
conformed to the populations predicted for thermal equilib­
rium. Measurements of the ratios of the populations of the 
Mg ^P levels were performed by Wright et a l .  ^^ Their work 
indicated that the theoretical and experimental values for 
the Mg 3p population ratios agreed to within 2%. Corrob­
orative measurements were also made during the course of 
this work which yielded comparable results. These measure­
ments confirmed the choice of 3 = 0.34 for Mg and verified
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the assumption of thermal equilibrium used in this work.
2. Quenching of Metastable Mg Atoms by and
The next phenomenon to be investigated was the 
quenching of Mg atoms in the ^P level to their ground 
state by collisions of the second kind with and g a s . 
Measurements of the quenching rates were made by Wright et 
a l .  ^^  Their data is graphically displayed in Figure 19. 
Their values for the quenching rates were 1.1 x 10^ sec"^ 
Torr"^ for H and 4.4 x 10 ^  sec"^ Torr”  ^ for N . These 
values indicate the levels of and background pressures 
that can be tolerated without significantly affecting the 
lifetime of the Mg level. For exa m p l e , background
pressures of H and N below 10"^ Torr would have no signif­
icant effect on the observed lifetime. Measurements of the 
background pressure as a function of time with the vacuum 
pump valved off showed that the background pressure did not 
exceed 10"^ Torr during runs in which the lifetime was 
measured. Therefore, quenching by background contaminants 
can also be neglected in the Mg experiments.
3. Mg Vapor Pressure and Buffer Gas 
Pressure Dependence
Measurements were made to determine the dependence 
of the lifetime of the Mg ^P ^ level on the Mg vapor pressure 
and the inert buffer gas pressure present in the absorption 
cell. The inert buffer gases used were He, Ne and Ar.
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Graph of reciprocal of Mg lifetime versus
H and N gas pressure.
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These measurements were performed with 5.08 cm diameter ab­
sorption cells In order to minimize the possibility of 
quenching collisions between excited Mg atoms and the walls 
of the absorption cells. Data was obtained with the laser 
beam expanded and unexpanded. Each of the absorption sig­
nals analyzed was the signal average of from 10 to 20 Indi­
vidual absorption signals.
Measurements were conducted In which the temp­
erature of the "absorption cell was varied while the buffer 
gas pressure was held constant. This was done In order to 
ascertain whether or not the lifetime of the  ^ level of 
Mg was affected by variations In the Mg vapor pressure. 
Statistical F tests showed that there was no significant 
correlation between 1/ t and the Mg vapor pressure. Thus, 
there was no Indication of the presence of radiation trap­
ping or Mg-Mg colllslonal quenching.
Determinations of the lifetime were also made in 
which the Mg vapor pressure was held constant while the 
buffer gas pressure was varied over a 500 Torr pressure 
range. The lifet i m e , x, was observed to have been appreci­
ably shortened at low values of the buffer gas pressure.
The lifetime data was analyzed by performing a 
least squares fit of the data to a function of the form
1/T„ = a. + U/P (77) ,
where x^ is the measured lifetime, a is 1/x at infinite 
buffer gas pressure and P is the buffer gas pressure. A
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s tat 1st leal F test indicates that a correlation exists 
between the variables 1/x^ and 1/P at the 99% level of con­
fidence, for each of the three buffer gases u s e d . A 
multiple regression analysis was performed using the model
( 6 ^
in which y = 1/t, x^ = 1/P and x = P. This analysis dem­
onstrated that the inclusion of the buffer gas quenching 
term, c x ^ , reduced the sum of the squares of the residuals 
by a negligible amount (from 0 . 1 8  x 1 0 “ ^ to 0 . 1 5  x 10"^ for 
He, from 0 . 3 8  x 1 0 -  ^ to 0 . 2 6  x 1 0 "  ^ for Ne and from 
0 . 6 0 7  X 1 0 "3 to 0 . 6 0 1  X 1 0 "  ^ for A r ) . Statistical F tests 
also indicated that there was no significant improvement in 
the fit with the inclusion of the buffer gas quenching term. 
Thus, the lifetime of the Mg ^P level was significantly 
affected by quenching of the metastables at the cell walls 
at low buffer gas pressures. However, quenching of meta­
stable Mg atoms to their ground state by collisions of the 
second kind with the Inert buffer gas atoms was not a sig­
nificant effect. The absence of collisional quenching by 
the buffer gas atoms also Indicates that no significant 
amount of contamination was entering the absorption sample 
with the buffer gas since the amount of contamination intro­
duced would be directly proportional to the buffer gas 
pressure.
R eproduced w ith perm iss ion  o f the  cop yrig h t ow ner. Fu rth e r rep roduction  prohib ited w itho u t perm iss ion .
4. Mg Results
The results of the above analysis indicate that 
radiation trapping and Mg-Mg quenching collisions were not 
significant factors affecting the lifetime of the Mg  ^
level. There was also no Indication of quenching by the 
Inert buffer gas atoms. However, diffusion of the meta­
stables and their subsequent de-excltatlon at the walls of 
the cell was clearly evident.
The results of the measurements of the lifetime as 
a function of the buffer gas pressure are presented In 
Figures 20 and 21. In these figures each data point repre­
sents the average value of the reciprocal of the lifetime 
at a given buffer gas pressure. The error bars represent 
the total error due to both random and systematic errors. 
The magnitude of the systematic error in the Mg ^P ^ life­
time determinations was estimated in the same manner as the 
systematic error in the Ca lifetime determinations. In 
Figure 21 the lifetime values obtained at 11, 13 and 452 
Torr of Ar are of questionable v a l u e . Therefore, although 
they are shown for completeness, they were not Included In 
the least squares fit to determine the Mg ^P^ lifetime.
The smooth curves drawn through the data points in both 
figures represent the least squares fit of the data to the 
function
l/Tw = a. + t/P on.
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Graph of reciprocal of Mg 3p lifetime versus 
He and Ne buffer gas pressure. The error bars represent 
the total error due to both random and systematic errors.
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Graph of reciprocal of Mg  ^ lifetime versus 
Ar buffer gas pressure. The error bars represent the 
total error due to both random and systematic errors.
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Extrapolation was made to infinite buffer gas pressure in 
order to obtain the lifetime. The extrapolated lifetime 
values for He, Ne and Ar are 4.65 + 0.51, 4.35 + 0.51 and 
4.62 + 0.53 msec respectively. The error quoted in each 
instance includes both the error in the fit and an estimate 
of the systematic error. Taking the average of the above 
values of the lifetime and combining their errors in quad­
rature yields the value of 4.54 + 0.30 msec for the life­
time of the Mg  ^ level.
In order to check for possible systematic errors 
inherent in the absorption monitoring technique (e.g., non­
linear absorption) in some runs the decay of metastables was 
monitored by ob serving the fluorescence from *:he ^P ^ level. 
The fluorescence measurements were in substantial agreement 
with the absorption measurements. The same tests of the 
proper functioning of the experimental apparatus as per­
formed in the Ca experiment were repeated in the Mg experi-
G . Comparison of Ca and Mg Results
The lifetime of the Ca ^P level was not affected 
by quenching collisions at the walls of the absorption cell 
even at low buffer gas pressures. However, the lifetime of 
the Mg 3p^ level was affected by the de-excitation of meta­
stable atoms at the walls of the absorption cell. This 
effect was only significant at low values of the buffer gas 
pressure. In addition, the Mg lifetime measurements were
R eproduced w ith perm iss ion  o f th e  cop yrig h t ow ner. F u rth e r rep roduction  prohib ited w itho u t perm ission .
affected more by the presence of contaminants than were 
the Ca lifetime measurements. For example, a background 
pressure of 10~^ Torr of H or N could be tolerated in 
the Ca experiments with only a negligible effect on the 
lifetime measurements while a much lower pressure (10"^
Torr) was necessary in the Mg experiments. Both of these 
effects can be explained on the basis of the following 
arguments.
The lifetime of Ca atoms in the  ^ level is a 
factor of ten times shorter than that of the Mg atoms in 
the 3p ^ level. Calcium also has an atomic mass that is 
approximately twice as large as that of Mg. Therefore, Ca 
atoms would diffuse more slowly to the cell walls than 
would Mg atoms. The Ca atoms would be more likely than the 
Mg atoms to have already decayed back to their ground state 
at the time when collisions with the cell walls occurred. 
Estimates of the average distance a Ca and Mg atom would 
diffuse during their lifetimes^ ^ confirm these suppositions. 
With a buffer gas pressure of 25 Torr of He in an absorption 
cell of radius 2.54 cm, Ca atoms would diffuse 0.13 cm in one 
Ca ^P lifetime while Mg atoms would diffuse 0.53 cm in one 
Mg ^P lifetime. In 5 Mg lifetimes excited Mg atoms would 
diffuse to the cell walls and be quenched while excited Ca 
atoms would take approximately 20 Ca lifetimes to reach the 
cell walls.
The fact that Ca has a shorter lifetime than Mg 
makes it less susceptible to quenching effects. Therefore,
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a disagreement between the value obtained in this work for 
the Ca lifetime and the values obtained in other theo­
retical and experimental work would Indicate the presence 
of systematic errors in our measurement technique. How­
ever, no significant disagreement was observed.
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CONCLUSIONS
A . Discussion of Results
An experimental method for measuring the lifetime 
of the ^P level of Group II atoms was devised and tested. 
The resulting lifetime measurements may be used to calculate 
absolute values of the oscillator strengths of the trans­
ition ^P -(-+ 1S for the alkaline earth elements. The 
method was employed in this investigation to measure the 
lifetime of the ^P level of Ca and Mg.
The lifetime of the Ca ^P ^ level is reasonably well 
known from other experimental work which employed measure­
ment techniques different from those used in this investi­
gation. However, most of these values are the result of 
relative rather than absolute measurements. A comparison 
of recent theoretical and experimental determinations of 
the Ca 3p lifetime is presented in Table 16. The results 
of this investigation agree satisfactorily with the other 
determinations of the Ca ^P lifetime.
The satisfactory agreement between the results 
obtained in this investigation and the results of other 
experimental and theoretical work indicates that no large
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SUMMARY OF R EC EN T T H E O R E T IC A L  AND E X P E R IM E N T A L
V A LU E S  OF TH E C a ^P  L I F E T IM E
THEORY T(msec) EXPT : (msec)
L u c -Koenlg 2^ (1974)
Victor^ 3 (1975)









0.37 + 0.19 
0.393 + 0.040
ed relative to the  ^P transition.
R eproduced w ith perm iss ion  o f the  cop yrig h t ow ner. Fu rth e r rep roduction  prohib ited w itho u t perm iss ion .
sources of systematic error were present in the experimental 
design. The successful testing of the experimental method 
was followed by measurements of the lifetime of the Mg ^
As indicated in Chapter 1, there has been a long 
standing discrepancy between the results of the theoretical 
and experimental determinations of the Mg ^P lifetime.
The experimental method used to determine lifetimes in this 
work was first employed by Wright et a1.  ^^  to determine the 
lifetime of the Mg ^P ^ level. Unfortunately, their results 
did not resolve the discrepancy between the theoretical and 
experimental lifetime values previously obtained. It is 
now believed that their lifetime value was systematically 
shortened by quenching collisions between the excited Mg 
atoms and unknown contaminants in their absorption cells.^0 
Since the validity of the experimental technique was 
verified by the Ca measurements, which are less susceptible 
to quenching effects, a remeasurement of the Mg ^P life­
time was undertaken with greater attention given to sample 
preparation. The results of recent theoretical and experi­
mental determinations of this lifetime as well as the 
valu^: obtained in this work are presented in Table 17. The 
value quoted for the lifetime of the Mg ^P ^ level should be 
viewed as a lower limit because of experimental limitations 
in independently monitoring the level of comtamination pre­
sent in the absorption cell. However, this value of the Mg 
^P lifetime is in substantial agreement with theoretical
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SUMMARY OF R EC EN T T H E O R E T IC A L  AND E X P E R IM E N T A L
V A LU E S  OF TH E M g 3p  L I F E T IM E  ■
THEORY T(msec) EXPT T(msec)
Garstang^^ (1962)




Wright et a l . 27 (1974)





1.9 + 0.4 
2.3 + 1.2
2.2 + 0.2 
1.8 + 0.2 
3.8 + 1.2^ 
4.54 + 0.30
Measured relative to the Mg  ^S  ^P transitio
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calculations.
B . Suggestions for Further Study
The experimental methods used in this work might 
be used with suitable modification to determine the lifetime 
of the level in other atoms in Group II of the periodic
t a ble, such as Strontium and Barium. These measurements 
would permit the determination of absolute transition 
probabilities and oscillator strengths to be deduced for 
the 2p 1 s transition in these elements.
Studies were made in this investigation of the 
rate of quenching of metastable Mg and Ca atoms in the 
9p level to their ground state by means of collisions with 
H and N atoms. Further studies of quenching collisions of 
the second kind between metastable alkaline earth atoms and 
other molecular buffer gases might also be undertaken.
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APPENDIX I
This appendix will investigate the posibility of 
altering the time dependence of the 9p population due to 
the absorption of light by atoms in the 9p system. The 
9p system is composed of 3 fine structure P levels. The 
energy difference between these levels is not large as was 
shown in Table 3. Furthermore, the populations of the 3 
fine structure levels are assumed to be in thermal equilib­
rium. It would not be unreasonable, therefore, to regard 
the 9p  ^ 3p and 9p levels as just one level denoted by 9p.
The multiplicity or statistical weight, g , of this level is
9 .
The absorption of light by atoms in the 9p level 
may now be explored. As an example, consider the case of 
absorption of light corresponding to the transitions 
3p 3g _ The relevant energy level diagram is shown in 
Figure 22.
Let N^, N and N^ be the populations of the 
9p and ^g levels respectively. The probability for spon­
taneous decay from the 9p to the  ^S ^ level is given by A ^ ^ 
while the probability for spontaneous emission from the 
9s ^ to the 9p level is given by A^ ^ . The rate of stimulated
emission from the 9g to the 9p level is given by B W.
In this context B^^ is the Einstein B coefficient and W is 
the energy density per unit frequency. The rate of absorp-
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Energy level diagram for light absorption by 
3 P level a t o m s .
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tion of light by atoms In the level which make the trans­
ition to the  ^ level is given by B ^ The B coeffi­
cients for stimulated emission and absorption of radiation 
are related by the expression'’**
( 7 8 )  ,
where g and g are the statistical weights of the and 
 ^ levels respectively. In our case, g^ = 9 and = 3. At 
time, t = 0, the dye laser has produced a population N^(0) 
in the ^P system. The assumption is made that after this 
time only a negligible amount of radiation of the frequency 
corresponding to the transition ^P ^ -<->  ^ is present to
produce stimulated emission or absorption of radiation bet­
ween the 3p level and the ground state. The rate equation 
for the populations of the energy level system depicted 
above are thus
JNi/J-t = B n V  (79),
dNi/ J i  - - (  B i i W  +  -t* C A 2 . i + 3 B n W )  (80)
d N o / J ' t  - 10 N 1
where the fact that B^^ = 3 B ^ ^  has been used. Equation 
(80) may be solved for N^. The equation for then be-
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N, = ( J N / a  t ( B „ y + pA„) N, )/( Aji 4-3 Bi,v7 ) <82).
This equation for may be substituted into equation (79) 
which becomes
=  - p A i o N i  - J V J t  (83).
If the time derivative of equation (80) is taken, the 
following equation is obtained
A / j f  = -(Bi,W+pAi,).IN,/a +(A„+38„'W)JN./tt (84) .
If equation (83) is substituted for dN /dt in equation (84) 
then an equation totally in terms of N^(t) and its time 
derivative results. This equation is
+ (48,iW +^10 h-Aji"» JNj/J-l 
- ( ( A , i + 3 B „ V ) p A J N i  = 0
This equation has a solution of the form
(85).
= J t x p  + 4  e x p ( x . - t ' )
At = -(ABiiW+^Aio+AiiVi
± B,»W4-0 A„ t A«')'-4(pAi,fA„ +3B«V)l5
After some algebraic manipulation X± becomes
-  - (4 8n'W-f
±  L A ^ A i  +
^ ^ All
-A-BnWAioP - 2 ^ An All \
All Af;
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(86)
(88).
Since  ^ - 10® sec ^ , SA  ^^  = 10® sec"^ ( for Ca, for Mg
3A^^ - 10® sec  ^ ) and B ^ ^ W = 10® sec  ^( upper limit for
convential spectroscopic light sources) , the above equation 
may be simplified by neglecting second order terms in B W, 
A and the product, when these terms are divided
This simplification results in X± being given by 
the expression
X t  - X  (4B,.W +  pA..-t-A„-)± A..,(l44Bia37 ■■ PAi.. (89). 
Axi All
where a binomial expansion of the square root has been made. 
Therefore ,
Tv, ^  (90)
X .  - ( Aji + 4 B , , W )  (91)
Ni("tt = J e x p ( - p 4 i „ t )  4 - 1 e x p ( - ( A l l + 4 B i i W ) t ) (92).
However, since (A^ ^ + 4B^^W) = 10® sec"^ the second term in 
the above expression for N^(t) rapidly goes to zero and
N^(t) can be written as
NjCOl e * f ( - ^ A , o - t ^  (93).
where N^(0) is the population o f  the ®P system at tim e , 
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
t = 0. One should note that this equation is identical to 
equation (30) for the time dependence of the population of 
the ®P levels. In deriving equation (30) the absorption 
of light by atoms in the ®P levels was not taken into 
account. It may therefore be concluded that the population 
of the ®P system was not changed by the process of absorp­
tion of radiation by atoms in the ®P system. These arguments 
may readily be extended to deal with the case where atoms 
are being excited from the ®P level to many higher excited 
levels as in the Ca experiment. It could be shown that once 
again no appreciable alteration of the ®P population occurs.
Finally, the total intensity of the Ca lamp was 
measured to establish that there would never be a significant 
population of atoms in excited levels other than the ®P 
levels. From these measurements it can be concluded that 
if all the Ca discharge lamp light was absorbed by atoms 
in the ®P levels only 0.001% of the ®P population would be 
in higher excited levels.
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APPENDIX II
The lifetime of the ®P ^ level in Ca and Mg was 
measured by monitoring the absorption of light by atoms
in the ®P , ®P or ®P levels as a function of time. In
2 1 0
the Ca experiment the voltage output of a spectrophoto­
meter was sampled by the Analog-to-Digital Converter of the 
PDP-LAB8/E computer every 0.05 msec in order to monitor 
this absorption. In the Mg experiment the absorption 
signal was sampled every 0.5 msec. Two hundred data points 
were acquired from each absorption signal. A program was 
written in Basic R/T and used by the mini-computer to 
analyze the data. This program is listed in Table 18.
In the first group of statements, which are num­
bered from 10 to 166, the computer is instructed to acquire 
and signal average absorption data. Arrays for storing and 
plotting the data are dimensioned and the number of signals 
to be averaged, N, is entered. The subroutine, UCOM A, is 
called to sample the absorption signals and store the 
voltage and time values in an array, A. The signal aver­
aging of the N absorption signals is performed in statements 
40 through 100. Statements 110 through 145 instruct the 
computer to calculate the B.C. baseline of the light, Q, 
from the mean of the last 55 data points of the signal 
averaged absorption signal. The next group of statements, 
147 to 166, subtract Q from the signal averaged data points,
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TABLE 18
D A T A  A C Q U IS IT IO N  A N D  A N A L Y S IS  PROGRAM
0 DIM A(E00),Ü(20C),C(
1 PRItJT "INPUT N"
2 INPUT N
5 FOR J» 1 TO N
0 UCOM A
1 GO TO 40
a FOR 1=1 TO 100 
4 PLOT I/’ I00/(A<X)+I)/'!
0 FOR l ' I  TO 200 
0 B<I) = £3<1) + A (I)
) FOR I» l TO 200
I PLOT I/200 ,< B <I)+ I> /2  
, DFXAYNNEXT I 
: INPUT G\IF G=ICO TO 10 
I PRINT "INPUT C3/D3/T/W"
I INPUT C3, DO, T,W
: C2»<D<S>+B(S*I))/2
I prin t "PL0T7<YEE= I,NO"0>"MNPUT z 
. CLEAR\P=0
, dEF FNA(I)»C2*EXP(-( I-S )/(20 0*C 3 )) 
I FOR 1=5 TO 100 
I V=B<n-FNA(I>
290 V«D< I )-FNA( 1 )
300 P1-PI+V*V
315 IF Z*0GO TO 340
320 PLOT 1 /10 0 ,(B (I)+ I) /B
330 PLOT 1 /I00 ,(FNA (1>+I)/2
340 DELAYNNEXT 1
350 CLEAR
360 IF AES((P1-P)/P)<TG0 TO 390 
370 IF PKFGO TO 390 
380 C3=C3-D3\D3»-D3/2\GQ TO 260 
39 0 C2-C2+D2 
400 P2-0
410 FOR 1 = 5 TO 100 
42 0 U«E{I)-FNAtI>
430 P2"P2*V*V
435 IF Z-0GO TO 460
440 PLOT I/ I0 0 . (B< I>+ I)/2
450 PLOT I/ I0 0 ,  (FN A (I)*I» /2
460 DELAYVNEXT I\CL EAR
470 IF ABS( < P2-P1 >/PI ><TG0 TO 900
480 IF P2<PIG0 TO 600
490 C2*C2-D2\D2 = -D2/2\G0 TO 390
600 P-P2VG0 TO 260
900 F-<ABSC(P1-P)/P)>T)
910 IF F-0 THEN 1000 
920 GO TO 600 
000 FOR I« 1 TO 199 5TEP 2 
020 PLOT 1/200, <B( I )♦ 1 ) /2  
030 PLOT 1/200, ( FNA< I )♦ 1 ) /2  
040 DELAYXNEXT I 
050 PRINT C2, C3, P, PI, P2 
060 PRINT 34*C3, 34*03, I/(344C3>, 
,070 STOP 
2000 CLEAR 
2010 PLOT . 5, 0 
2020 PLOT .5 , .999 
2030 PLOT . 5, (ADC< I ) * l ) / 2
2050 GO TO 2000
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123
B (I ) , and plot the result of signal averaging N absorption 
signals from which the D.C. baseline has been subtracted.
The next major group of statements, 172 to 920, 
comprise the least squares search routine used to fit the 
data to the theoretical absorption model. The computer is 
first instructed to ask if the data is to be accepted or 
rejected. If the data is rejected, new data is acquired and 
signal averaged. If the data is to be analyzed, initial 
estimates of the observed lifetime, C3, and the stepsize 
by which the lifetime is to be changed, D3, are entered.
The tolerance to which the least squares fit is 
to be performed, T, is also entered along with the temper­
ature, W, in millivolts (i.e., the value of the thermal 
eraf produced in the thermocouple). Next the number of the 
initial data point, S, to be included in the fit is 
entered. Provision is made to plot each trial in the 
fitting process or to just plot the final fit and the 
signal averaged data points at the user's discretion. A 
fit is made to the equation
FNAUI =C2* EXP(-( I-SVC200*’C5)) (94),
where G2 Is the amplitude coefficient. The fit is performed 
using the data points from I = S to 100. The lifetime, C3, 
is initially estimated by minimizing the sum of the squares 
of the deviations of the data from the fitting function by 
an iterative searching routine until some preset tolerance 
is reached. The initial estimate for the amplitude 
coefficient, C2, is made by taking the average of the
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voltage of the first two data points used in the fit as 
the value of C 2 . After the value of the lifetime has been 
estimated reasonably w e l l , an iterative search is carried 
out to determine the best value of the parameter C2. The 
value of the lifetime is then re-estimated using this new 
value of C2, This procedure is continued until both para­
meters have been determined such that the sum of the squares 
of the differences between the fitting function and the 
signal average data is less than some preset value. State­
ments 1000 to 1070 cause the final fit and data to be plotted 
as well as the final estimates of the lifetime, C3, and the 
amplitu'e coefficient, 02, to be printed. The observed 
lifetime, C3, is multiplied by 3 to obtain the true life­
time, T. The true lifetime, t , as well as its reciprocal 
are then printed.
Statements 2000 to 2050 comprise a subroutine 
that may be called by typing the statement GO to 2000.
This routine causes the value of the voltage incident on 
the Analog-to-Digital Converter channel on which the ab­
sorption signal is measured to be plotted in order that the 
value of the D.C. baseline may be checked.
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